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FINAL  REPORT  OF  AFOSR  CONTRACT  NO.  84-0369 


“ION-EXCHANGED  WAVEGUIDES  FOR  SIGNAL  PROCESSING  APPLICATIONS— A  NOVEL 

ELECTOLYTIC  PROCESS" 

I.  Introduction 

A.  Overview  of  Program 

The  primary  objective  of  the  project  is  to  Investigate  theoretically  as 
well  as  experimentally  the  ion-exchange  process  and  technology  for  fabrication 
of  passive  waveguide  components  in  commercial  glasses.  The  application  areas 
of  such  components  include  optical  communications,  sensors,  integrated  optics 
and  optical  signal  processing.  The  study  was  initiated  in  an  Air  Force 
contract  (No.  F08635-83-K-0263)  in  1983  and  has  been  funded  almost  exclusively 
by  the  AFOSR  since  1984.  At  the  beginning  of  the  study,  the  effort  in  glass- 
waveguide-based  1-0  components  was  sporadic  inspite  of  the  fact  that  the  first 
glass  waveguide  using  an  ion-exchange  process  was  reported  in  1972  and  since 
then  several  laboratories  around  the  world  have  been  involved  in 
investigations.  It  was  not  evident  whether  the  technology  had  the  potential 
to  permit  fabrication  of  devices  with  reproducible  characteristics.  In  fact, 
so  few  single-mode  waveguides  had  been  fabricated  and  characterized  that  any 
significant  evaluation  of  their  performance  in  integrated  optical  systems  was 
not  feasible.  The  progress  was  hindered  by  the  fact  that  several  different 
cations  were  used  in  various  glass  substrates  and  melt  compositions  without 
any  systematic  approach  to  the  problem. 

In  this  report,  we  summarize  the  results  of  a  systematic  study  of  the 
ion-exchange  process,  the  optical  characterization  of  the  waveguides 
fabricated  using  this  process  and  the  guided  wave  nonlinear  optical  work 
carried  out  under  the  program.  All  of  the  publications  presented  have 
resulted  from  this  contract.  Copies  of  the  publications  are  attached  with 
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this  report  and  the  readers  are  referred  to  these  papers  for  further  details. 
Also  listed  are  the  patents  generated  under  this  program. 


B.  Ag+-Na+  Cation  Pair 

Cognizant  of  the  above  considerations,  we  soon  recognized  the  importance 
of  choosing  a  cation  pair,  a  specific  glass  system  and  a  suitable  melt 
composition  to  fabricate  single-mode  waveguides.  Since  passive  components 
require  extremely  high  reproducibility,  this  factor  was  given  utmost  attention 
in  our  approach.  A  careful  evaluation  of  the  status  of  the  technology  by  us 
revealed  that  of  all  the  monovalent  cations  which  were  being  studied,  Ag+  was 
the  most  versatile  due  to  the  following  reasons: 

(1)  The  refractive  index  change  caused  by  incorporation  of  silver  ions  in 
glass  can  be  varied  over  a  wide  range  (0  -  0.1).  This  flexibility  is 
important  in  fabricating  fiber-compatible  waveguides  [1]. 

(2)  Silver  films  can  be  easily  fabricated  and  diffused  in  a  clean  atmosphere 
at  relatively  low  temperatures  to  fabricate  waveguides  which  can  be 
buried  in  a  single-step  process,  thus  minimizing  the  process  time  [2]. 

(3)  Silver  can  be  electrolytically  released  in  melt  at  a  controlled  rate 
[3-6].  Furthermore,  an  on-line  measurement  of  silver  concentration  can 
be  performed  to  monitor  any  fluctuations  [7].  A  feedback  system  can  thus 
be  implemented  for  electronic  control  of  the  processing  conditions  which 
would  provide  the  desired  reproducibility. 

(A)  Silver  is  a  heavy  atom  and  its  concentration  in  glass  can  be  analyzed 
using  conventional  SEM  and  microprobe  techniques  even  at  low 
concentrations.  This  permits  a  direct  measurement  of  a  diffusion  (index) 
profile  with  high  accuracy  [8-10]. 

In  spite  of  the  above  distinct  advantages,  there  were  reports  of  silver 
being  responsible  for  large  scattering  and  absorption  losses.  However,  it  was 
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soon  recognized  that  these  losses  were  characteristic  of  only  those  waveguides 
where  a  relatively  large  fraction  of  sodium  ions  in  the  substrate  glass  had 
been  exchanged  for  silver.  In  such  cases,  silver  was  not  only  reduced  to 
metallic  form,  aggregates  were  formed  that  scatterd  light  abundantly. 
Fortunately,  for  single-mode  f iber-conpat ible  waveguides,  less  than  10%  of 
sodium  ions  are  replaced  by  silver  and  such  detrimental  effects  have  not  been 
noted  [ 3 ] . 

C.  Nonlinear  Waveguides 

Optical  nonlinearity,  caused  by  the  intensity  dependent  refractive  index 
of  the  guiding  or  the  surrounding  medium,  has  generated  a  great  deal  of 
interest  due  to  its  potential  for  applications  in  all  optical  signal 
processing  systems.  The  guided  wave  approach  is  attractive  for  nonlinear 
optical  applications  because  of  several  reasons:  interaction  geometry 
involved  allows  larger  power  densities  propagating  over  relatively  large 
distances  thereby  causing  a  significant  reduction  in  the  threshold  power 
requirements  as  compared  to  the  nonguided  configurations  such  as  Fabry-Perot 
interferometers.  Secondly,  the  waveguides  are  compatible  with  optical  fibers 
and  integrated  optical  systems.  We  have  studied  theoretically  and 
experimentally  the  propagation  characteristics  of  these  waveguides. 

II.  Summary  of  Results 

The  systematic  study  of  ion-exchanged  waveguides  performed  in  this 
project  under  AFOSR  contract  (No.  84-0369),  involved  several  steps: 

(1)  Ion-exchange  equilibrium  at  the  NaN03+AgN03  melt-glass  interface  was 

studied  as  a  function  of  melt  composition  and  stirring  conditions.  The 
results  provided  a  relationship  between  silver  concentration  in  the  melt 
and  at  the  glass  surface  [11-14]. 
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(2)  An  electrolytic  release  technique  was  developed  to  control  silver 
concentration  in  the  melt  [3-6].  An  insitu  measurement  method  was 
developed  to  monitor  the  silver  concentration  on-line,  thus  paving  the 
way  for  automation  of  the  process  with  better  control  and  reproducibility 

[7] . 

(3)  The  process  of  fabrication  from  melts  was  automated.  This  implied 
setting  up  the  predetermined  values  for  diffusion  time,  the  magnitude  of 
the  electric  field,  the  stirring  conditions,  monitoring  the  current  and 
temperature  with  feedback  mechanisms  for  automatic  control  of  these 
parameters.  A  unique  ceramic  sample  holder  was  designed  to  allow 
application  of  an  external  field  with  a  cathode,  which  is  a  molten  salt 
mixture.  This  technique  eliminates  the  use  of  gold  films  as  cathodes 
which  in  turn  eliminates  the  deterioration  of  the  films  [10]. 
Consequently,  this  technique  is  time  and  cost  efficient.  Similarly,  a 
unique  pump  design  prevents  bubble  formation  at  the  melt-glass  interface, 
assuring  the  uniformity  of  the  waveguides. 

(4)  Besides  the  use  of  molten  baths,  waveguides  were  also  fabricated  from 
evaporated  silver  films  by  electric  field  induced  migration  [2].  The 
technique  allows  significant  flexibility  and  simplicity.  Tapered 
waveguide  sections  can  be  fabricated.  Steps  are  currently  underway  to 
fabricate  buried  single-mode  channel  waveguides  using  only  one  step. 

(5)  A  complete  characterization  of  the  diffusion  profile  was  performed  by 
using  conventional  analytical  tools  such  as  electron-microprobe  and 
atomic  absorption  spectroscopy  [15],  A  new  method  was  developed  in  which 
back  scattered  electrons  were  analyzed  in  a  scanning  electron  microscope 

[8] ,  These  tools  are  now  routinely  used  for  characterization  of  the 
waveguides. 
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(6)  The  diffusion  process  was  modelled  [16-18]  by  solving  the  diffusion 

equation  and  correlating,  the  results  with  the  experimental  data  in  both 
the  planar  and  channel  surface  waveguides  [10,  16-19].  The  calculation 

is  based  on  a  finite-difference  method.  Processes  such  as  side  diffusion 
3nd  concentration  dependence  of  the  interdiffusion  coefficient  are  taken 
into  account  [  18  ] . 

(7)  Once  the  diffusion  profile  was  measured,  the  wave  equation  was  solved  to 
predict  the  propagation  properties  of  the  waveguide.  Both,  the  planar 
and  channel  waveguides  can  thus  be  analyzed  theoretically  [16-21].  The 
numerical  technique  involves  a  solution  using  a  finite  difference  method. 

i'S)  Optical  characterization  techniques  were  developed.  These  include 
measurements  of  attenuation  [3],  mode  indices  [3],  near  field 
distribution  [IS],  and  cutoff  wavelengths  [22]  of  the  waveguide  inodes. 

All  the  experiments  were  automated  such  that  the  measurements  are 
rendered  more  accurate  and  the  data  processing  is  faster. 

(9)  The  results  of  the  systematic  study  have  provided  the  guidelines  for 
fabrication  of  burled  single-mode  channel  waveguides  with  desired  mode 
field  distribution.  The  two-step  ion-exchange  involves  diffusion  of 
silver  ions  in  the  glass  matrix  in  the  first-step  [8,  10,  15-17,  23].  No 
application  of  electric  field  is  necessary  during  this  step  [16,  17]. 

When  a  second-step  ion-exchange  Is  performed  with  an  external  field  and 
no  silver  in  the  melt,  a  symmetric  buried  profile  is  obtained.  Using 
this  process,  low-loss  (<  0.2db/km)  fiber-compatible  waveguides  have  been 
fabricated  [18,  24]. 
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(10)  We  have  studied  theoretically  the  effect  of  a  nonlinear  cover  medium  on 
the  propagation  of  guided  waves  in  a  graded  index  planar  waveguide 


[25],  The  results  show  that  the  threshold  power  requirements  are  reduced 
as  compared  to  the  step-index  case.  The  calculations  predict  transfer  of 
power  from  the  film  region  to  the  cover  medium,  indicating  occurance  of 
optical  switching  [25,  26]. 

(11)  We  have  fabricated  planar  as  well  as  channel  waveguides  in  semiconductor- 
doped  colored  glass  using  the  K^-Na*  ion-exchange  process.  Nonlinear 
prism  coupling,  power  limiting,  and  mode  field  variations  were  observed 
in  planar  guides  with  the  threshold  for  power  limiting  3S  low  as  20  mW 
using  a  cw  Ar+  laser  [27].  The  effect  was  identified  as  thermal  in 
origin.  In  channel  waveguides,  the  nonlinear  saturation  was  also 
observed  [27],  Experiments  are  underway  to  isolate  the  thermal  component 
from  the  fast  electronic  contribution. 
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Ion-Exchanged  Glass  Waveguides:  A  Review 
(Invited  Paper) 

R.V.  Ramaswamy  and  R.  Srivastava 
Department  of  Electrical  Engineering 
University  of  Florida 
Gainesville,  FI  32611 


Abstract 

Passive  glass  waveguides  made  by  ion-exchange  technique  are  potential 
candidates  for  integrated  optics  [1-0]  applications.  In  this  paper,  we  review 
the  advances  in  the  technology  as  applied  to  fabrication  of  useful  single-mode 
structures.  Progress  in  process,  fabrication,  modeling  and  waveguide 
performance  using  different  monovalent  cation  systems  and  glass  compositions 
is  described  with  emphasis  on  fiber-compatible  single-mode  structures  prepared 
from  molten  baths.  It  is  shown  how  a  systematic  study  allows  a  correlation 
between  the  process  parameters  and  the  waveguide  characteristics  so  desirable 
in  assuring  reproducible  characteristics  of  the  devices. 
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I.  Introduction 


Ion-exchange  technique,  which  has  been  used  for  more  than  a  century  to 
produce  tinted  glass,  has  received  increased  attention  in  recent  years  as  it 
improves  surface-mechanical  properties  of  glass  and,  more  importantly,  creates 
a  waveguiding  region  in  the  glass.  Today,  glass  waveguides  are  considered  to 
be  prime  candidates  for  optical  signal  processing  applications  in  optical 
communications,  sensors  and  other  related  areas.  The  importance  of  the  glass 
waveguide  components  is  borne  out  by  their  compati bi 1 i ty  with  optical  fibers, 
potentially  low  cost,  low  propagation  losses  and  the  ease  of  their  integration 
into  the  system.  However,  the  index  of  the  glass  substrate  cannot  be  changed 
by  application  of  an  electric  field.  Therefore,  fabrication  of  glass  devices 
with  assured  reproducibility  within  specified  tolerances  is  a  must. 

Since  1972  when  Izawa  and  Nakagome  [1]  reported  the  first  ion-exchanged 
waveguides  by  exchange  of  T2  +  ions  in  a  silicate  glass  containing  oxides  of 
sodium  and  potassium,  significant  progress  has  been  made  towards  understanding 
the  ion-exchange  process  and  the  role  of  the  processing  conditions  on  the 
propagation  characteri sties  of  the  resulting  waveguides.  Various  cation  pairs 
and  several  different  glass  compositions  and  cation  sources  have  been  studied 
in  the  past  dozen  years  with  considerable  attention  given  to  fabrication  of 
useful  devices.  Published  reports  of  these  advances  abound  in  almost  all  the 
related  journals  at  an  increasing  rate.  Findakly  [2]  summarized  most  of  the 
developments  which  occured  till  1983.  Since  then,  there  has  been  rapid  growth 
in  the  literature  leading  to  a  better  understanding  of  the  ion-exchange 

process  in  general  and  to  the  process  optimization  for  reproducible  waveguide 
performance  in  particular.  The  objective  of  this  paper  is  to  describe  recent 
developments  which  have  permitted  establishment  of  the  necessary  correlation 
between  the  ion-exchange  process  parameters  and  the  waveguide 
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characteristics.  Emphasis  is  placed  on  single-mode  structures  and  effort  is 
made  to  point  out  similarities  as  well  as  dissimilarities  observed  or  expected 
in  the  exchange  process  for  different  cation  pairs  and  glass  compositions. 
Because  of  the  multidisciplinary  nature  of  the  field,  it  is  not  possible  to 
give  an  exhaustive  bibliography.  For  example,  ion-exchange  process  and  ionic 
diffusion  in  glasses  have  been  discussed  in  many  excellent  reviews  [3,4]  and 
we  will  confine  our  attention  to  only  those  topics  in  the  area  which  are  of 
direct  relevance  to  the  waveguide  work. 

This  paper  is  structured  in  the  following  format.  In  Section  II  we 
briefly  describe  the  results  of  ion-exchanged  waveguides  for  each  cation  pair. 
Both  of  the  methods,  molten  salt  bath  as  well  as  film-diffusion,  are 
considered.  The  process  parameters  are  identified  and  a  procedure  outlining 
the  various  steps  for  a  systematic  correlation  between  theory  and  experiment 
is  presented.  Section  III  describes  how  the  ion-exchange  equilibrium  at  the 
glass-melt  interface  influences  the  boundary  conditions  for  the  cation 
diffusion  in  the  glass.  Surface-index  change  depends  on  this  equilibrium. 
Section  IV  presents  theoretical  considerations  to  model  the  modification  of 
the  glass  refractive  index  as  a  result  of  the  ion-exchange.  Surface 
deformation,  stress  and  the  birefringence  resulting  from  the  cation 
substitution  are  also  considered.  In  Section  V,  a  general  formulation  of  the 
two-dimensional  diffusion  equation  is  given  from  which  the  refractive  index 
distribution  is  obtained  in  special  cases  of  interest  for  planar  as  well  as 
channel  waveguides.  Both  surface  and  buried  guides  obtained  by  electric  field 
induced  migration  are  considered.  Issues  such  as  side  diffusion  under  the 
masks  in  the  case  of  channel  waveguides,  space-charge  effects  and  the  double 
alkali  effect  are  also  addressed  in  this  section.  The  next  section  describes 
some  fabrication  and  characterization  procedures  with  particular  emphasis  on 
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single-mode  waveguides.  Finally,  we  present  the  recent  developments  and 
state-of-the-art  in  waveguide  and  device  fabrication  and  speculate  into  the 
future  of  the  field. 

II.  Ion-Exchange  Process 

II  A.  Exchange  from  Molten  Bath 

r  Since  Izawa  and  Nakagome  [1]  reported  the  first  ion-exchanged  waveguide 

made  by  T£  +  -  Na+  exchange  from  a  mixture  of  molten  nitrate  salts,  molten  bath 
'  has  almost  invariably  been  used  as  the  source  of  exchanging  ions  for 

fabrication  of  glass  waveguides.  Several  cation  pairs  have  been  studied.  In 
most  cases  [1,5-9]  sodium  ions  in  the  substrate  glass  are  exchanged  for  one  of 
the  alkali  cations,  namely  Cs+,  Rb+,  Li+,  K+,  Ag+  or  Tz+.  Recently  Cs+  -  K+ 
exchange  [9]  has  also  been  reported  for  waveguide  fabrication.  Table  I  lists 
the  first  published  reports  for  each  cation  pair  along  with  the  ion-exchange 
conditions,  the  salt  bath,  the  substrate  glass  and  the  accompanying  surface- 
index  change  (An).  The  electronic  polarizability  and  ionic  radii  of  each  ion 
are  also  listed. 

Of  the  various  monovalent  ions,  each  one  has  its  advantages  and 
drawbacks.  For  example,  Ti+  is  known  to  be  toxic  but  gives  rise  to  relatively 
r  large  index  change  (An  ~  0.1)  and  is  therefore  more  suitable  for  multimode 

waveguides.  The  losses  are  also  reasonably  low  (~  0.1  dB/cm).  Ag+  is 
susceptible  to  being  reduced  to  metallic  form  and  thereby  may  introduce  losses 
if  incorporated  in  the  glass  in  large  concentrations  [10].  Surface  index 

changes  as  large  as  0.13  have  been  reported  [5].  In  both  the  above  cases 
(Tt+  and  Ag  +  ),  dilute  melts  [1,11,12]  can  be  used  to  reduce  An  and  thereby 
fabricate  single-mode  waveguides.  K+  can  be  easily  incorporated  in  glass 
[5,13,14]  but  the  accompanying  index  change  is  substantially 
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smaller  (An  ~  0.01)  along  with  smaller  diffusion  rates.  Thus  large  diffusion 
times  are  required  for  suitable  waveguiding  to  occur,  limiting  its  use  for 
single-mode  guides.  The  resulting  waveguides  are  birefringent  [13]  although 
they  exhibit  negligible  depolarization  [15]  and  small  propagation  losses.  Li+ 
is  very  mobile  in  glasses  and  highly  multimode  guides  with  index  profiles 
compatible  with  optical  fibers  can  be  produced  in  few  minutes  [7].  The 
maximum  index  change  of  the  order  of  0.015  is  achievable,  but  so  far  no  low- 
loss  guides  have  been  demonstrated.  Moreover,  because  of  large  mismatch  in 
the  ionic  radii  of  the  two  ions  [Table  I],  large  stress  is  introduced  in  the 
glass  network  causing  surface  damage.  In  the  case  of  Cs+,  an  index  change  of 
the  order  of  0.04  has  been  achieved  [9]  in  a  special  potassium-rich  BGG21 
glass  with  very  low  losses  (<  ".2  dB/cm).  However,  one  disadvantage  of  using 
Cs+  is  that  cesium  salts  react  with  most  materials  and  diffusion  must  be 
carried  out  in  crucibles  made  of  special  materials  such  as  platinum,  thereby 
adding  to  the  cost. 

For  1-0  applications,  it  is  desirable  to  fabricate  waveguides  with  low 
propagation  loss  and  desired  refractive  index  profile.  Both  depend  upon  the 
substrate  glass  (The  relatively  slow  progress  in  ion-exchange  technology  can 
be  attributed  to  this  dependence.  No  standard  glass  compositions  have  been 
targeted  so  far.  The  requirements  for  an  ideal  substrate  glass  material  have 
been  listed  in  [16].)  The  losses  are  dominated  by  absorption,  primarily  due 
to  presence  of  foreign  impurities,  and  scattering  contributions  caused  by 
glass  inhomogeneity  and  surface  or  geometric  imperfections.  By  careful  choice 
of  the  host  glass,  waveguide  losses  below  0.1  dB/cm  can  be  obtained 
[10,12,16].  Scattering  losses,  on  the  other  hand,  are  generally  introduced  in 
the  processing  steps.  Dopants  introduce  additional  Rayleigh  scattering  to  the 
background  losses  caused  by  the  multicomponent  nature  of  the  glass.  Reduction 
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of  cations  to  metallic  form,  such  as  in  the  case  of  silver  pointed  out 
earlier,  can  give  rise  to  additional  absorption  and  scattering  losses. 
Surface  irregularities  invariably  interact  with  the  propagating  field  and 
contribute  to  losses  via  scattering.  This  can  be  minimized  by  burying  the 
waveguide  below  the  glass  surface  by  carrying  out  a  two-step  ion-exchange 
process  (see  Section  V  E).  In  channel  waveguides,  the  imperfect  wall 
boundaries  caused  during  the  photolithography  may  introduce  additional  loss. 
This  loss  contribution  is  less  serious,  however,  since  the  diffusion  process 
smooths  out  such  irregularities.  Finally,  in  devices,  the  waveguides 
invariably  undergo  bending,  bifurcations  or  tapered  transitions.  These 
transitions  have  to  be  designed  carefully  to  limit  the  radiation  losses. 

The  refractive  index  profile,  on  the  other  hand,  depends  on  various 
process  parameters  in  an  intricate  manner.  The  composition  of  the  host  glass, 
the  nature  of  the  incoming  ion  and  its  concentration  in  the  source,  the 
temperature,  the  diffusion  time,  and  the  magnitude  of  the  externally  applied 
field,  all  affect  the  index  profile.  Since  the  waveguide  characteristics  are 
determined  by  the  index  profile,  it  is  necessary  to  establish  a  correlation 
between  the  process  parameters  and  the  index  distribution  before  the  process 
can  be  tailored  to  produce  waveguides  of  desired  characteristics  through  a 
judicious  choice  and  control  of  the  process  parameters.  For  a  given  substrate 
glass,  such  a  systematic  study  entails  the  following  distinct  steps: 

(1)  Study  of  ion-exchange  equilibrium  to  determine  the  relationship 
between  the  melt  composition  and  the  glass-surface-ion  concentration. 

(2)  Analysis  of  the  diffusion  equation  with  appropriate  boundary 
conditions  to  predict  the  concentration  profile. 

(3)  Fabrication  of  the  waveguide  with  a  set  of  process  parameters. 
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(4)  Measurement  of  the  diffusion  profile  and  correlation  with  the 


theoretical  analysis.  It  is  generally  assumed  that  the  diffusion 
(concentration)  profile  is  a  replica  of  the  index  profile.  This 
assumption  has  been  experimentally  verified  and  is  valid  as  long  as 
the  concentration  of  the  dopant  in  the  glass  is  small  [17,18,19]. 

(5)  Calculations  of  the  waveguide  propagation  characteristics  by  solving 
the  Helmholtz  equation  for  the  given  index  profile. 

(6)  Optical  characterization  of  the  waveguide  and  correlation  between  the 
measured  characteristics  and  the  process  parameters.  This  involves 
measurement  of  mode  indices  (where  applicable),  mode  cutoff 
wavelengths  [20],  mode  field  profiles  and  attenuation. 

II  B.  Film-Diffused  Ion-Exchange 

An  alternative  method  for  fabricating  glass  waveguides  utilizes  diffusion 
of  ions  from  a  solid  metallic  film,  first  presented  by  Chartier  et  al  [21]. 
In  this  method,  a  thin  film  is  deposited  on  a  glass  substrate  and  diffusion  is 
carried  out  at  an  elevated  temperature  with  the  aid  of  an  electric  field 
applied  across  the  sample.  Since  no  other  alkali  metal  films  can  be  deposited 
and  maintained  in  a  stable  form,  this  technique  is  used  only  for  silver  ion 
exchange. 

Since  the  first  report  of  film-diffused  process  [21]  where  single  -  mode 
as  well  multimode  guides  were  fabricated  and  the  diffusion  coefficient  and  the 
activation  energy  measured,  several  workers  [22-25]  have  utilized  the  process 
using  somewhat  different  geometries  and  electrode  structures.  After  the 
initial  conflicting  results  and  discrepancies  [25]  it  appears  that  the  process 
is  better  understood  today  and  can  be  summarized  as  follows. 
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Initially,  a  several  thousand  angstrom  thick  silver  film  is  deposited. 
To  prevent  oxidation  and  flaking  of  the  film  during  diffusion,  it  is  necessary 
to  deposit  a  cover  layer  such  as  a  gold  [25]  or  an  aluminum  film  [21].  This 
structure  serves  as  the  anode.  The  cathode  can  be  either  a  metallic  fl im  or  a 
molten  salt  bath.  The  latter  has  the  advantage  that  it  does  not  deteriorate 
due  to  accumulation  of  sodium  metal  which  diffuse  out  of  the  glass  as  a  result 
of  the  ionic  current  under  the  applied  field.  The  current  is  monitored  during 
the  entire  process  and  the  voltage  is  switched  off  well  before  the  depletion 
of  the  silver  film.  Otherwise,  depletion  of  cations  from  the  waveguide 
surface  results  in  surface  defects  (bubbles).  Moreover,  for  reproducible 
waveguides,  it  is  desirable  to  apply  the  voltage  only  when  thermal  equilibrium 
has  been  reached.  In  this  regime,  a  constant  current  flow  can  be  maintained 
during  diffusion  as  the  mobility  of  silver  is  not  very  different  from  that  of 
sodium  in  the  glass  and  the  material  resistance  does  not  change  significantly 
[25].  It  must  be  emphasized  that  in  the  absence  of  an  applied  voltage,  ion- 
exchange  is  negligible  [24,25]  since  the  silver  atoms  cannot  be  ionized  in 
sufficient  number  and  those  which  may  be  ionized  due  to  thermal  energy 
distribution,  cannot  enter  the  glass  as  the  presence  of  an  electrochemical 
potential  between  the  silver  film  and  the  glass  substrate  blocks  their 
movement.  This  potential  barrier  is  overcome  when  a  voltage  is  applied. 
Fields  as  low  as  lV/mm  can  give  rise  to  waveguides  showing  that  the  potential 
barrier  is  not  very  large  [25]. 

Figure  1  shows  the  variation  of  diffusion  depth  W  and  surface  index 
change  An  as  a  function  of  the  applied  voltage  V  [25].  The  diffusion  depth 
varies  linearly  with  the  applied  field  as  is  expected  when  the  diffusion  term 
is  negligible  (Section  V  C).  If  the  ionic  current  is  integrated  over  the 
total  diffusion  time  needed  to  deplete  the  silver  film,  it  is  found  to  be 
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proportional  to  the  thickness  of  the  film.  This  suggests  that  by  controlling 
the  diffusion  time,  temperature,  and  the  current  flow  precisely,  the  index 
profile  and  the  waveguide  characteristics  can  be  controlled. 

The  index  change  varies  very  strongly  with  the  applied  field  and  the 
reason  for  this  appears  to  be  in  the  energy  distribution  of  the  cations. 
Higher  the  voltage,  larger  the  number  of  cations  capable  of  overcoming  the 
energy  barrier  at  the  interface.  The  saturation  of  An  at  higher  fields  is  a 
result  of  limited  sodium  sites  available  for  ionic  exchange. 

The  silver-film  techniques  has  some  distinct  advantages  over  the  molten 
bath  technique: 

(1)  The  process  is  relatively  clean  as  pure  silver  film  is  deposited  on  a 
clean  substrate  and  diffusion  is  carried  out  in  a  closed  atmosphere. 

(2)  Relatively  low  temperatures  are  involved  which  facilitates  design  of 
sample  holder  and  other  components. 

(3)  Index  change  is  field  dependent.  This  may  allow  fabrication  of 
tapered  transitions  by  varying  the  electric  field  along  the  waveguide 
1 ength . 

(4)  Buried  waveguide  may  be  obtainable  in  a  single-step  process.  Bubble 
formation  due  to  silver  depletion  can  be  prevented  by  surrounding  the 
silver  film  by  a  pure  HaNOg  melt,  for  example. 

In  conclusion,  substantial  progress  has  been  made  in  understanding  the 
relationship  between  the  diffusion  depth,  surface-index  change  and  applied 
field.  However,  index  profiling  has  not  been  modeled  well  and  no  satisfactory 
correlation  with  the  experimental  data  is  available.  Most  of  the  work  has 
been  done  in  multimode  guides  and  much  remains  to  be  studied  for  making  the 
process  viable  for  practical  applications. 


III.  Ion-Exchange  Equilibrium  at  the  Melt-Substrate  Interface 

When  the  glass  containing  a  monovalent  cation  B  is  introduced  into  a 
molten  salt  solution  containing  the  diffusing  monovalent  cation  A,  ion  A  is 
driven  into  the  glass  by  an  interphase  chemical  potential  gradient  and,  in 
order  to  maintain  charge  neutrality,  ion  B  is  released  into  the  melt.  This 
ion  exchange  process  can  be  represented  by  an  overall  chemical  reaction  as 
follows  [26]: 

A  +  B  =  A  +  B  ,  (1) 

where  the  bar  denotes  the  cations  in  the  glass  phase. 

The  rate  of  ion  exchange  may  be  limited  by  the  following  processes: 

(1)  Mass  transfer  of  reactants  to  and  removal  of  products  from  the 
reaction  interface  in  the  melt. 

(2)  Kinetics  of  the  reaction  at  the  interface. 

(3)  Transport  of  cations  in  the  glass  phase. 

Transfer  of  cations  in  the  melt  takes  place  via  diffusion  and 

convection.  Convection  can  be  enhanced  by  stirring  the  melt.  However,  even 

in  the  forced  convection  case,  a  region  may  exist  near  the  glass-melt 

interface  where  no  convective  mixing  occurs  because  of  fluid  friction  at  the 

interface.  Across  this  stagnant  boundary,  all  the  mass  transfer  of  the 

cations  (in  the  melt)  to  and  from  the  reaction  interface  occurs  through 

diffusion.  If  the  liquid-phase  diffusion  can  supply  ample  reactants  and 

remove  enough  products  to  and  from  the  interface,  the  process  is  not  melt  mass 

transfer  limited  i.e.,  source  depletion  does  not  occur  at  the  interface.  For 

diffusion  to  be  a  limiting  process  in  the  melt,  the  important  parameters  is 

1/2 

<V"A)  (W  where  denotes  the  molar  concentration  of  cation  A  and 
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its  self  diffusion  coefficient.  It  has  been  shown  that  if  this  parameter 
~  10,  the  rate  is  not  mass  transfer  limited  due  to  diffusion  in  the  melt 
[27].  Although  in  the  early  reports  [5]  of  ion-exchange  waveguides  using  pure 
AgNOj  melts  such  a  depletion  was  believed  to  occur,  more  recent  results  [28] 
indicate  that  in  the  case  of  Ag f  -  Na+  exchange  from  dilute  melts,  the  melt 
mass  transfer  is  not  a  limiting  process. 

At  the  interface,  the  surface  kinetics  are  not  likely  to  be  a  rate- 
limiting  factor  and  are  thus  assured  to  be  much  faster  than  the  transport 
processes  in  the  melt  and  glass  phases. 

In  the  glass  phase,  mass  transport  is  carried  out  entirely  by  diffusion 
of  the  cations  which  is  a  relatively  slow  process.  The  equilibrium  state  of 
(1)  specifies  the  surface  boundary  condition  for  the  diffusion  process  and  the 
accompanying  surface  index  change.  Thus  the  control  of  the  cation  diffusion 
profile  in  glass  is  subject  to  manipulation  of  this  boundary  condition  and  the 
cation  transport  (diffusion)  properties  in  the  glass.  The  equilibrium  state 
is  governed  by  an  equilibrium  constant  K.  defined  as 

5B  aA 

where  a's  represent  thermodynamic  activities  of  the  cations  in  the  respective 
phases.  Using  the  Regular  Solution  Theory  [29]  for  the  ratio  of  the  activity 
coefficients  in  the  melt  and  the  n-type  behavior  [30]  in  the  glass  phase,  the 
relationship  between  the  melt  concentration  (N^)  and  the  surface  concentration 
in  the  glass  (Nft)  can  be  written  [26]  as  follows: 

na  A  N. 

+  fr  (1  •  2NA'  =  n  *n  ■  inK  [2) 

A 

where  n  is  given  by 
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n  =  3  Jin  a A  / 3  Jin 


4 


A  is  the  interaction  energy  of  the  two  cations  in  the  melt,  R  is  the  gas 
constant,  T  is  the  temperature  in  Kelvin,  and  is  the  absolute 

concentration  of  cation  A  in  the  glass. 

The  linear  relationship  between  jtn  {N^/(l  -  Nft)}  and 

the  Jin  (N  /I  -  N^)  given  by  (2)  yields  a  straight  line  from  which  the  values 
of  n  and  K  can  be  derived.  When  n  is  unity  the  glass  is  said  to  have  ideal 
behavior.  A  large  value  of  K  on  the  other  hand  would  indicate  a  large  uptake 
of  the  cation  A  by  the  glass  for  the  given  melt  composition. 

Studies  of  ion-exchange  equilibrium  in  glasses  include  the  early  work  of 
Schulze  [31]  and  later,  the  pioneering  work  of  Garfinkel  [26]  involving 
various  cation  pairs  and  glass  compositions.  Houde-Walter  and  Moore  [32]  have 
listed  the  values  of  n  and  K  for  Ag+  -  Na+  exchange  from  several  melt 
compositions.  Of  all  the  cases  studied  in  [26],  only  K+  -  Na+  binary  system 
gives  a  linear  relation  between  and  N^.  In  the  case  of  Ag+  -  Na+  in  soda 
lime  silicate  glasses,  recent  studies  [11,19,28]  carried  out  up  to  very  low 
melt  concentrations  (N^g  ~  10"^)  indicate  that  K  is  very  large  (75-120 

range).  Figure  2  shows  the  relationship  between  and  fJAg  as  obtained  in 

[19].  Similar  nonlinearity  has  recently  been  reported  for  the  Cs+  -  K+  system 
[33].  This  highly  nonlinear  behaviour  suggests  that  for  single-mode  fiber 
compatible  glass  waveguides  fabricated  by  Ag+  -  Na+  ion-exchange,  it  is 
necessary  to  keep  melt  concentrations  very  low  (N^g  -  10~4).  Since  in  this 
region  the  slope  of  vs  curve  is  very  large,  a  rigid  control  of  NAg  is 
a  must  for  fabrication  of  single-mode  guides  of  reproducible 
characteristics.  The  other  important  characteristic  of  the  curve  in  Fig.  1  is 
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observation  of  the  plateau  when  nearly  half  the  Na+  sites  in  the  glass  are 
occupied  by  Ag+.  In  this  region,  fluctuations  in  the  melt  concentrations  do 
not  influence  the  surface  silver  uptake  to  any  significant  degree.  Ideally 
one  would  like  to  use  this  region  for  waveguide  fabrication  if  the 
corresponding  index  change  could  be  made  compatible  with  the  single  mode 
fibers  (An  ~  5  x  10  ).  However,  this  would  required  special  low  sodium 

content  glass  as  the  commercially  available  soda-lime  or  boro-  and  alumino¬ 
silicate  glasses  contain  ~  102  Na20  by  weight  which  gives  An  ~  0.05 
for  Nftg=  0.5  [34]. 

IV.  Index  Change  by  Ion  Substitution 
IV  A.  Polarizability  and  Volume  Changes 

In  the  binary  ion-exchange  process,  both  the  cations  which  exchange  with 
each  other  are  network  modifiers.  As  a  result,  the  basic  structure  of  the 
glass  is  left  unchanged  and  only  the  refractive  index  of  the  glass  is 
modified.  The  net  index  variation  depends  on  three  major  physical  changes; 
namely,  ionic  polarizability,  molar  volume  (related  to  ionic  size)  and  the 
stress  state  created  by  the  substitution.  Besides  these  three  factors, 
secondary  influence  on  the  index  is  caused  by  the  accompanying  effect  on  the 
electronic  polarizability  of  the  neighboring  (oxygen)  ions.  In  order  to 
estimate  the  refractive  index  of  glass  as  a  function  of  its  composition,  the 
Gladstone-Dale  equation  and  the  Lorentz-Lorentz  relation  have  been  most  widely 
used  [34,35,36].  Based  on  Gladstone-Dale  relation,  Huggins  and  Sun  [34] 
provided  a  recipe  for  the  calculation  of  the  density,  refractive  index  and 
dispersion  of  a  glass  from  its  composition,  expressed  in  terms  of  the  weight 
precent  of  its  oxide  constituents.  The  basic  model  predicts  that  the  value  of 
the  index  change  resulting  from  the  ionic  substitution  is  given  by 
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(3) 


An  =  y*  (AR  -  Rq  jL) 
0  0 


where  x  is  the  fraction  of  cations  replaced  by  the  incoming  ion,  VQ  is  the 
volume  per  mole  of  oxygen  atoms,  RQ  is  the  refraction  per  mole  of  oxygen 
atoms,  and  aR  and  A V  are  the  changes  in  these  quantities  as  a  result  of  cation 

exchange.  In  this  simple  model,  the  index  change  represented  by  (3)  is  caused 

by  two  factors:  the  first  term  arises  as  a  result  of  the  difference  in  the 
ionic  polarizability  of  the  exchanging  ions  and  the  second  term  represents  the 
contribution  due  to  the  change  in  the  molar  volume  of  the  glass  caused  by  the 
difference  in  ionic  radii  of  the  two  ions  [Table  I].  The  simplicity  of  (3)  is 
ve*\y  instructive.  Consider  the  case  of  Li+  -  Na  +  exchange  in  soda-lime  glass 
[7].  The  first  term  of  is  negative  and  ~'<e  second  term  is  also 

negative.  However,  the  an"  ontribution  in  this  case  comes  from  a  local 

contraction  of  the  sample  and  consequent  increase  in  the  density  which 
increases  the  total  polarizability  per  unit  volume  and  the  refractive  index 
increases.  On  the  other  hand,  in  the  case  of  Ag+  -  Na+  exchange  the  first 
term  of  (3)  contributes  dominantly  as  the  polarizabil ity  of  silver  ion  is  much 
larger  than  that  of  sodium  ion  in  the  glass.  The  difference  in  the  two  ionic 
radii  is  not  very  large.  AV  >  0  and  the  second  term  subtracts  from  the 
first.  Between  the  two  extreme  examples  given  above  lies  the  intermediate 

case  of  K+  -  Na+  exchange.  In  this  case  the  net  index  change  as  predicted  by 

(3)  has  been  found  to  be  two  orders  of  magnitude  smaller  than  the  measured 
values  [37].  This  discrepancy  arises  from  the  simplicity  of  the  above  model 
in  which  the  contribution  caused  by  the  large  stresses  induced  by  ion-exchange 
is  ignored. 
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IV  B.  Stress- Induced  Index  Change 

Ion-exchange  process  involves  exchange  of  two  cations  of  different  ionic 
radii  at  temperatures  well  below  the  stress  relaxation  temperature  of  the 
glass  [38].  As  a  result,  the  accompanying  volume  changes  have  to  be 
accommodated  only  in  the  direction  normal  to  the  substrate  since  the  surface 
is  prevented  from  expanding  (or  contracting)  laterally  due  to  resistance  to 
bending  of  the  glass  substrate.  This  constriction  gives  rise  to  swelling  of 
the  surface  in  the  case  of  K+  -  Na+  exchange  [39]  and  causes  residual 
compressive  stresses  in  the  exchanged  layer  which  are  balanced  by  tensile 
stresses  in  the  substrate.  The  stress-optic  effect  contributes  to  the  index 
change  by  increasing  the  compressive  layer  index  and  decreasing  the  index  of 
the  tensile  region  [38].  The  stress  profile  generally  follows  the 
concentration  profiles.  Moreover,  since  the  residual  stresses  are 
anisotropic,  the  index  change  depends  on  the  state  of  polarization  of  the 
optical  electric  field,  i.e.,  the  resulting  waveguides  are  bi  refri  ngent. 
[13,38]. 

Analysis  of  stress  in  planar  and  channel  ion-exchanged  waveguides  has 
been  investigated  and  the  resulting  birefringence  [38],  surface  damage 
(cracks,  elevations  and  dips)  and  swelling  [38,39]  have  been  observed  as  well 
as  explained  [36,37,38,39],  Typical  values  of  birefringence  in  K+  -  Na+ 
exchange,  carried  out  in  350-4Q0°C  range  are  ~  1  x  10"^  whereas  in  the  case  of 
Ag+  -  Na+  exchange  no  birefringence  has  been  detected  when  low  melt 
concentrations  are  used.  Moreover,  as  pointed  out  earlier,  the  dominant 
effect  which  contributes  to  index  change  in  K+  -  Na+  case  arises  from  the 
compressive  stress  [37]. 
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Another  factor  which  causes  stress  in  ion-exchanged  waveguides  is  the 
mismatch  between  the  thermal  expansion  coefficients  of  the  waveguide  and  the 
substrate  materials.  However,  this  effect  is  very  small  [36,38]  and  can  be 
neglected  in  comparison  to  the  compositional  stresses  unless  the  exchange  is 
carried  out  above  the  stress  relaxation  temperature  as  in  the  case  of 
Li+  -  Na+  exchange  in  aluminosilicate  glass  [40]. 

V.  Diffusion  Kinetics  and  Index  Profile 

As  was  pointed  out  earlier,  the  index  profile  in  ion-exchanged  waveguides 
is  a  replica  of  the  diffusion  (concentration)  profile  which  can  be  calculated 
by  solving  the  diffusion  equation  with  appropriate  boundary  conditions. 

V  A.  Diffusion  Equation 

In  silicate  glasses,  only  small  monovalent  cations  diffuse  readily 
whereas  the  oxygen  anions  remain  fixed  in  the  silicon-oxygen  network.  The 
diffusion  is  characterized  by  the  self-diffusion  coefficient  .  In  the 
binary  ion-exchange  process  the  cation  A  is  transported  via  diffusion  process 
within  the  glass  where  it  exchanges  with  the  other  alkali  cation  B  which  has 
to  diffuse  out.  The  flux  of  each  cation  species  is  given  by  [41] 

+  3tn  a. 

♦  i  -  -  D|  vC.  - +  u  C.  t  (4) 

1  1  1  3*n  C.  1  1 

where  ^  =  molar  flux  of  cation  i  (moles/m2-s) 

{I.  =  electrochemical  mobility  (m^/V-s) 

C.j  =  concentration  of  cation  i  in  glass  (moles/m^) 

l 


and 


=  electric  field  (V/m). 


The  tracer  (self)  diffusion  coefficient  CK  depends  on  temperature  and 
glass  composition.  The  temperature  dependence  of  ih  below  the  glass 
transition  temperature  can  be  fit  to  the  Arrhenius  equation  [3] 


=  D0  exp  (-Qi/RT) 


(5) 


where  Q  is  called  the  activation  energy  (j/mole).  It  is  believed  the  Q  is 
made  up  of  two  contributions:  the  Coulombic  energy  required  for  separation  of 
positive  and  negative  charges,  and  the  energy  required  to  squeeze  an  ion 
through  a  restricted  opening  in  the  network. 

As  regards  the  diffusion  mechanism  in  glasses,  various  theories  have  been 
proposed  and  to  date  no  unified  picture  has  emerged.  In  the  simplest  picture 
leading  to  (5)  it  is  assumed  that  the  transport  of  the  alkali  ion  takes  place 
via  tunneling  from  one  vacant  site  in  the  glass  network  to  another  adjacent 
site  if  it  acquires  the  necessary  energy  to  surmount  the  energy  barrier.  If 
the  ionic  transport  (conduction)  mechanism  is  also  assumed  to  be  the  same 
under  an  applied  field,  then  Nernst-Einstein  relation  results: 


kT 

—  2  °i 

Ni 


(6) 


where  k  is  Boltzmann  constant,  N .  is  the  total  number  of  cations  of  the  kind 
under  consideration  is  the  ionic  conductivity,  and  e  is  the  electronic 

charge. 

In  most  glasses,  however,  the  thermal  cation  migration  process  is 
slightly  different  from  the  electric  field  induced  transport  and  (6)  is  not 
obeyed.  The  relation  between  the  self  diffusion  coefficient  and  mobility  is 
instead  written  as 
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(7) 


Where  is  a  correlation  factor  whose  value  depends  on  glass  composition  and 
varies  from  0.2  to  1.  The  factors  leading  to  deviation  from  (6)  in  glasses 
are  summarized  in  [4]  and  references  therein. 

Another  important  characteristic  of  the  self-diffusion  coefficient  which 
is  of  interest  in  ion  exchange  is  the  mixed  alkali  or  double  alkali  effect 
[42].  When  a  second  alkali  is  added  to  a  glass,  a  significant  reduction  in 
the  self-diffusion  coefficient  of  the  original  alkali  ion  occurs.  While  this 
reduction  occurs  whether  the  second  alkali  ion  is  smaller  or  larger  than  the 
original  one,  the  magnitude  of  the  change  varies  directly  with  the 
concentration  and  the  size  mismatch  of  the  second  alkali.  In  fact,  the  self¬ 
diffusion  coefficient  of  an  alkali  ion  is  always  considerably  higher  than  that 
of  the  impurity  alkali  ion  and  the  diffusion  curves  of  the  two  alkalis 
intersect  at  a  certain  concentration  ratio,  suggesting  the  alternation  of  the 
principal  current  carrying  species.  As  a  result,  the  electrical  conductivity 
passes  through  a  minimum  where  the  two  diffusion  curves  intersect.  Although 
such  a  concentration  dependence  of  the  self-diffusion  coefficients  has  been 
measured  in  several  glasses  [42],  the  data  for  most  glasses  of  practical 
interest  for  ion-exchanged  glass  waveguide  applications  are  almost 
nonexistent.  This  is  specially  true  for  the  Ag+  -  Na+  case  as  silver-rich 
glasses  have  not  been  fabricated  and  studied.  The  mixed  alkali  effect  has 
considerable  influence  on  the  diffusion  profile  [8]. 

Returning  to  the  flux  equation  (4),  I  includes  any  externally  applied 
field  as  well  as  the  component  arising  from  a  local  space-charge  distribution 
near  the  diffusion  boundary  which  moves  deeper  into  the  substrate  as  time 
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evolves.  The  space-charge  region  is  caused  by  the  lower  mobility  of  the 

incoming  ion  (uA  <  y0)  and  is  governed  by  the  following  relation: 

A  D 

V  •  (et)  =  p  (8) 

where  the  local  space-charge  density  p  is  given  by 

P  =  e(CA  +  CB  -  CB°)  (9) 

In  the  above  equation  Cg°  is  the  absolute  concentration  of  the  cation  B  in  the 
glass  before  the  ion-exchange.  For  weakly  guiding  case,  the  change  in  the 
dielectric  constant  due  to  ion  substitution  is  very  small  and  (8)  can  be 
replaced  by 

v  •  £  =  p/e  (10) 


In  some  cases  of  interest  the  space-charge  effects  can  be  neglected  and  the 
condition  of  charge  neutrality 


+  CB 


(11) 


is  found  to  be  very  nearly  valid  during  diffusion  [43].  The  diffusion 
equation  can  be  derived  by  combining  (4),  (11)  and  the  continuity  equations 
for  the  two  cations.  It  can  be  written  in  the  following  form  [44]: 


(12) 
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**  A 

where  a  =  (1 - -)  and  n  was  defined  in  Section  III.  In  (12)  it  has  been 

Un 

assumed  that  the  Nernst-Einstein  relation  is  satisfied. 


V  B.  Diffusion  without  external  field 

In  this  case  it  can  be  shown  [43]  that  the  two-dimensional  diffusion 
equation  becomes 


A  = 

3 1  "  3x 


n°A  8NA  ,  „  JL_  ,  nPA  f8NA  , 

1  -  3X  J  Sy  1  -  aSA  1  3*  ‘ 


Further  simplifications  occur  in  the  following  cases: 

(i)  a  =  0,  i.e.;  the  two  cations  are  equally  mobile.  In  this  case 
2  _  2 

3  N.  3  N.  3  1 

-ir '  "°a  t— i4  *  -f )  d‘ 

3x  3y 


(ii)  «  1  ,  i.e.,  the  concentration  of  the  incoming  ion  is  much 

smaller  than  the  host  alkali  ion  in  the  glass.  In  this  case  also  the 
diffusion  equation  reduces  to  (14).  This  approximation  is  not  valid 
when  diffusion  is  carried  out  from  concentrated  melts  (e.g.  K+  -  Na+ 
process  from  pure  KNO^  melts),  but  is  reasonably  valid  for  dilute 
silver  melt  concentrations  in  NaN03  used  for  single-mode  waveguide 
fabrication  (see  Fig.  1). 

(iii)  In  the  case  of  planar  waveguides  (13)  reduces  to 
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where  D  is  called  the  concentration  dependent  interdiffusion  coefficient  given 
by 


D  =  nSA/( 1  -  aNft  ) 


(16) 


which  can  be  written  as 


D  = 


n  \  \ 


CA  RA  +  \  \ 


(17) 


Note  that  the  concentration  dependence  in  D  above  comes  explicitly  from  the 
term  in  the  denominator.  It  does  not  account  for  the  concentration 
dependence  of  individual  self-diffusion  coefficients  mentioned  earlier.  For 
the  two  cases  (i)  and  (ii)  pointed  out  above,  D  =  nD^  and  the  diffusion 
equation  takes  the  simplest  form 


at  =  nDA 


2 

a  f), 


ax 


(18) 


A  complete  solution  of  (18)  requires  knowledge  of  the  initial  and  two  boundary 
conditions.  For 


F)A(x,o)  =  0  for  x  >  0 
na  Kt)  =  0 

}  for  all  t  >_  0, 

and  Na  ( 0,t)  =  Nq 


32 


the  solution  is  [27]: 


NA(x,t)  =  NQerfc(x/W0)  (19) 

where  W  =  2  /  nD.t  is  called  the  effective  depth  of  diffusion  and  corresponds 
to  that  distance  from  the  waveguide  surface  (x  =  0)  where 

rVN0)  =  erfc(l)  =  0.157  .  The  1/e  width  We  =  0.64WQ.  Such  index  profiles 
have  been  observed  in  dilute  Ag+  -  Na+  exchange  [19,45],  Cs+-K+  exchange  [9], 
and  K+  -  Na+  process  in  BK-7  glass  [14]. 

In  general ,  ion-exchange  is  carried  out  from  concentrated  melt  solutions 
and  ion-exchange  equilibrium  results  discussed  in  Section  III  show  that  near 
the  glass  surface,  >  1  .  Moreover,  in  most  cases  of  interest,  a  +  1  . 
Crank  [27]  has  given  the  solutions  for  various  values  of  a.  Step-like 
profiles  are  obtained  when  a  approaches  unity  (e.g.  Cs+  -  Na+  [8])  and 
Gaussian-1 i ke  diffusion  profiles  are  obtained  for  intermediate  values  of  a 
(e.g.  K+  -  Na+  [46]  or  Ag+  -  Na+  when  fj  +  1  [41,43]).  In  all  these  cases, 
numerical  techniques  [18,43,46]  have  been  used  to  solve  the  nonlinear 
differential  equation  (15). 

V  C.  Ion-Exchange  with  External  Field 

The  migration  of  incoming  ion  can  be  enhanced  by  applying  an  electric 
field  across  the  substrate.  In  this  case  one  has  to  solve  the  combined  system 
of  equations  (12)  and  (10).  This  has  to  be  done  numerically.  In  the  planar 
case,  however,  approximate  analytical  solutions  are  obtained  for  the  following 
speci f ic  cases  : 

(i)  For  the  special  boundary  conditions 
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=  0  for  x  =  0 


Sj  _  fj  - CL 

"a  0  ’  3x 


SA  *  »•  Sx 


=0  for  x  +  « 


the  solution  of  (12)  for  one-dimensional  case  is  [47]: 


fi.(x)  =  R.  {1  +  exp  [vfl  — - —  (x  -  vt)]>‘ 

A  0  U  r 

nDA 


with  a  concentration-dependent  diffusion  front  velocity 


v  =  vo(l  -  a)/(l  -  aRQ; 


where  vq  =  iQ/eC  g  depends  on  the  ionic  current  density  iQ  caused  by  the 
applied  field. 

(ii)  For  low  concentrations  (N^  <<  1)  ,  (12)  in  planar  case  reduces  to 
3  N.  32R.  3N. 

ir- '  nCA77“  •  "E-sr  (22> 


and  NA(x,t)is  calculated  by  a  Lapl ace-transform  technique  [48]. 


R  =  V2  N  {erfc(x’  -  r)  +  exp(4rx 1  )erfc (x  1  +  r)} 
A  0 


where  x1  =  x/WQ  =  x/2/nD^t  is  the  normalized  effective  depth  of  diffusion 
without  external  field  and  r  =  uEt/W  . 

It  has  been  shown  that  in  practical  cases,  even  for  N  as  small  as 

n 

0.2  such  as  in  the  case  of  single-mode  Ag+  -  Na+  waveguides  [44,49],  the  space 
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charge  leads  to  steeper  diffusion  fronts  when  compared  to  the  solution  (?3). 
For  large  electric  fields  such  that  r  >  2.5,  it  can  be  shown  [49]  that  the 
contribution  of  the  second  term  in  (23)  can  be  neglected  and  diffusion  does 
not  play  significant  role  in  the  index  profile.  Index  profile  is  step-like 
with  th$  diffusion  depth  given  by  vQt  [47]. 

Abou-el-Leil  and  Cooper  [47]  have  analyzed  the  problem  of  electric  field 
induced  ion-exchange  in  detail  and  compared  their  results  with  the  data  from 
the  viewpoint  of  strengthening  of  glass.  Not  much  consideration  was  given  to 
the  conditions  characteristic  of  waveguide  formation.  Recently  numerical 
solutions  of  (22)  have  been  obtained  [18,50]  and  compared  with  the 

experimental  results  in  the  case  of  Ag+  -  Na+  waveguides  [18].  Figure  3  shows 
these  results  for  surface  waveguides  [18]. 

V  D.  Two-dimensional  Waveguides 

The  case  of  channel  waveguides  is  more  complex  due  to  the  lack  of 

knowledge  of  boundary  conditions  when  masks  are  present.  In  the  absence  of 
external  field,  the  two-dimensional  equation  (12)  has  been  solved  numerically 
[43]  but  the  accuracy  of  such  calculations  is  limited  by  the  simplifying 
approximations  involved  in  deriving  (12)  which  is  valid  whenever  the  only 

electric  field  present  is  that  directly  due  to  the  imbalance  of  the  Fickian 

flux  components  (caused  by  the  nonequality  of  the  two  cationic  mobilities). 
The  presence  of  the  masks  is  expected  to  introduce  an  electric  field  generated 
by  the  electrochemical  bias  [51]  between  the  meit  and  the  mask.  Presence  of 
such  a  bias  results  in  side-diffusion  of  incoming  ions  under  the  masks  giving 
rise  to  wider  index  profiles  than  the  mask  op  ning.  [52].  A  qualitative 
comparision  of  the  diff.  sion  modeling  with  the  experimental  mode  field  data  in 


single-node  surface  channel  waveguides  has  recently  been  performed  [53]  and 
the  results  show  reasonable  agreement  in  the  case  of  Ag+-Na+  process. 

When  an  external  field  is  applied  to  accelerate  the  transport  of  cations 
in  the  glass,  the  complexity  increases.  Assuming  that  the  interdiffusion 
coefficient  and  mobility  are  concentration  independent  (a  very  severe 
approximation  in  cases  where  a  -*•  1  and  double  alkali  effect  is  prominent),  and 
neglecting  the  diffusion  term  (r  >>  1),  Lilienhof  et  al  [44]  calculated  index 
profiles  of  highly  multimode  waveguides  and  observed  a  qual i ti tati ve  agreement 
with  the  experimental  results  in  Ag+  -  Na+  waveguides.  A  constant  index 
change  with  step-like  distribution  was  observed,  as  predicted  by  the 
simplified  approximations.  These  simplifications,  however,  are  not  expected 
to  give  accurate  results  in  the  single-mode  case  as  the  diffusion  term  and 
space  charge  effects  may  play  significant  role  in  practical  cases  of 
interest.  For  example,  in  the  case  of  single-mode  Ag+-Na+  waveguides,  we  have 
observed  that  for  reproducible  characteristics ,  t  >  30  min.  At  330’  C 

r\  o 

(fabrication  temperature),  u  ~  5.0  ynr/V  -  min  ,  D  ~  0.05  um^/V  and  Em,„  -  30 
V/mm.  This  gives  r  =  2  showing  that  diffusion  effects  must  be  considered  to 
give  accurate  profile.  Moreover,  when  electric  field  is  applied  in  the 
presence  of  masks,  severe  side  diffusion  occurs  due  to  depletion  of  sodium 
ions  under  the  masked  region.  To  date,  only  one  report  of  fabrication  of 
surface  channel  waveguides  under  these  conditions  has  been  published  [54],  but 
no  mention  of  a  side  diffusion  was  made. 

V  E.  Buried  Waveguides 

In  order  to  increase  the  symmetry  of  the  index  profile  (thereby  improve 
fiber-waveguide  coupling)  and  reduce  the  scattering  losses  caused  by  the 
proximity  of  the  glass  surface  to  the  waveguiding  region,  a  second-step  ion- 
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exchange  is  necessary  in  absence  of  cations  A  in  the  melt.  The  diffusion 
equation  is  solved  numerically  in  this  case  with  the  first-step  index  profile 
as  the  initial  condition  [18].  In  the  case  of  planar  guides,  results  show 
[18,49]  that  the  width  of  the  diffused  guides  varies  as  the  square  root  of  the 
second-step  diffusion  time  and  the  depth  xpea|<  to  which  the  guide  is  buried 
is  proportional  to  the  product  of  the  applied  field  and  the  time  t^. 
Moreover,  It  is  desirable  that  no  field  be  applied  in  the  first-step, 
otherwise  scewed  nonsymmetric  index  profiles  are  obtained  [55].  Figure  4 
shows  the  comparison  of  the  experimental  results  with  those  predicted 
theoretically  assuming  concentration  independent  mobility,  diffusion 
coefficient  and  electric  field.  While  these  assumptions  are  reasonable  in  the 
case  of  Ag+  -  Na+  process  used  in  [18,49]  where  dilute  melt  concentration 
were  used,  the  same  does  not  hold  for  K+  -  Na+  or  Cs+  -  K+  processes  where 
*  1  and  the  space  charge  effects  play  an  important  role.  While  one-step 
electric  field  induced  ion-exchange  has  been  performed  in  the  above  two 
systems,  [56,9],  no  buried  waveguides  have  been  investigated  to  date.  It  has 
been  pointed  out  that  the  K+  ions  in  the  glass  do  not  diffuse  out  in  the 
second  step  [56]. 

Two-dimensional,  buried  channel  waveguides  have  been  fabricated  by 
several  workers  [44,51,53],  However,  only  one  report  of  theoretical  modeling 
of  Ag+  -  Na+  process  in  buried  waveguides  under  electric  field  has  been 
published  thus  far  and  that  too  was  related  to  multimode  guides  [44].  A 
detailed  modeling  of  the  two-step  process  in  single-mode  channel  waveguides 
still  remains  a  challenge.  In  the  following  we  point  out  some  of  the  issues 
which  have  to  be  addressed  in  order  to  achieve  the  desired  correlation  between 
the  theoretical  analysis  and  experimental  data. 
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V  F.  Side-  Diffusion 

As  mentioned  earlier,  side  diffusion  of  cations  A  under  the  mask 

increases  the  guide  width  and  influences  the  index  profile.  Several  authors 
have  paid  attention  to  this  problem  [44,51].  Chartier  et  al  [51]  claim  its 
origin  in  the  electrochemical  potential  between  the  mask  and  the  melt.  They 
showed  a  qual ititative  agreement  with  the  experimental  profiles  with  numerical 
discrepancies  in  the  case  of  their  multimode  waveguides  fabricated  without  any 
externally  applied  field.  Lilienhof  et  al  [44]  contended  this  hypothesis, 
however,  as  the  side  diffusion  in  their  multimode  waveguides  fabricated  under 
an  electric  field  did  not  show  any  dependence  on  the  mask  material.  The 

origin  of  side  diffusion  in  the  later  case  may  be  attributed  to  the  depletion 
of  cations  A  under  the  mask  when  a  voltage  is  applied  across  the  substrate. 
Such  a  depletion  is  likely  to  distort  the  field  lines  and  transport  the 
cations  towards  the  region  under  the  masks.  This  argument  is  supported  by 
lack  of  side  diffusion  observed  in  multimode  waveguides  when  guard  rings  were 
deposited  in  the  proximity  of  the  mask  openings  [57]  and  in  the  case  of  buried 
waveguides  where  no  additional  side  diffusion  is  observed  when  electric  field 

is  applied  in  the  second  step  with  no  mask  present  [53],  Although  a 

quantitative  measurement  of  the  large  side  diffusion  in  single-mode  guides 
made  by  Ag+  -  Na+  exchange  has  been  reported  [52],  no  theoretical  analysis  has 
been  performed  to  account  for  its  magnitude.  nevertheless,  two-dimensional 
fiber-like  index  profiles  can  be  produced  by  the  two-step  process  by  choosing 
proper  mask  openings  [53]  as  we  will  describe  later  in  Section  VII. 
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V  G.  Space  Charge  Effect 

Space  charge  is  created  by  the  unequal  ionic  mobilities  (  u„/u„  *  1  ). 
Since  the  substrate  glass  is  rich  in  cations  B,  <  Jjg  when  glass  is  immersed 
in  the  melt.  Cation  B  migrates  faster  than  A,  causing  space-charge  region. 
However,  as  ion-exchange  proceeds,  the  depth  of  the  cation  A  rich  region 
increases  and  in  this  region  >  Ug  provided  sufficient  cations  of  species  B 
have  been  replaced  by  A.  As  a  result  of  this  interplay,  the  ionic 
conductivity  of  the  glass  varies  across  the  substrate,  being  the  lowest  in  the 
space-charge  region.  This  variation  is  tiine-dependent  and  the  ionic  current 
is  not  constant  [25],  The  extent  to  which  space-charge  effects  modify  the 
index  profile  depends  upon  the  range  of  variation  of  and  jj  in  the  two 
extreme  concentrations.  In  the  case  of  Ag+  -  Na+  exchange,  the  effects  are 
not  severe  and  the  ionic  current  is  time-independent  during  the  process  [53]. 
However,  in  the  cases  such  as  K+  -  Na+  it  may  be  an  important  factor  and 
therefore  must  be  considered  in  the  analysis. 

VI  Fabrication  and  Characterization 
VI  A.  Fabrication 

The  schematics  of  the  ion-exchange  technique  from  molten  salts  is  shown 
in  Fig.  5.  The  me.lt  is  held  in  a  crucible  or  beaker  which  is  kept  at  a 
constant  temperature  by  enclosing  it  in  a  furnace.  The  melt  consists  of  the 
appropriate  salt  as  the  source  for  the  diffusing  ions.  The  desirable 
characteristics  which  influence  the  choice  of  the  salt  for  a  given  ion  are  its 
melting  point  and  the  dissociation  temperature.  Nitrate  salts  have  been  used 
extensively  as  they  have  some  of  the  lowest  melting  temperatures  and  exhibit 
reasonable  stability.  The  diffusion  temperature  is  adjusted  to  control  the 
rate  of  diffusion.  In  some  cases,  melting  temperatures  can  be  lowered  by 
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using  a  mixture  of  two  nitrate  salts  [58].  For  example,  pure  KNO3  melts  at 
334°C  and  pure  NaN03  at  307°C;  however,  a  mixture  of  10wt"  KNO^  and  90wt% 

NaNOj  melts  at  290°C.  In  the  schematics  of  Fig.  5,  silver  ions  are  released 

electrolytical 1y  [12]  and  t^.eir  concentration  measured  during  diffusion  [59]. 

For  planar  waveguide  fabrication,  polished  glass  substrates  are  immersed 
in  the  molten  bath  by  using  an  aluminum  sample  holder.  Strip  waveguides  are 
prepared  by  first  carrying  out  photolithography  to  create  masked  regions  of 
aluminum  or  some  other  material  such  as  AI2O3,  Si 0 2 ,  etc.  In  order  to  apply 
the  electric  field  during  the  ion  exchange  process,  two  approaches  have  been 
implemented.  In  one  case,  the  negative  electrode  consists  of  a  platinum  wire 
pressing  against  a  gold  film  evaporated  on  a  thin  chromium  film  on  the  back 
surface  of  the  glass  sample  [49].  Chromium  is  helpful  in  making  a  good 
contact  with  the  gold  film.  An  alternative  to  the  gold  film  is  to  use  a 
molten  salt  mixture.  This  eliminates  the  step  of  evaporating  gold  and 

therefore,  is  the  less  expensive  method.  The  melt  has  to  be  kept  bubble-free 

to  assure  uniform  field  across  the  substrate.  In  either  case,  the  anode 
consists  of  a  platinum  wire  immersed  in  the  molten  salt  as  shown  in  Fig.  5. 
The  resistivity  of  the  melt  depends  on  its  composition  and  temperature  and 
there  is  a  potential  drop  across  the  melt  which  may  be  of  the  order  of  10"  of 
the  total  applied  voltage  for  1mm  thick  soda-lime  glass  substrates  with  4-5 

O 

crrr  area  [49]. 

VI  B.  Characterization 

The  important  characterization  of  passive  waveguides  includes  measurement 
of  index  (dopant)  profile,  propagation  constants  of  the  guided  modes, 
attenuation  and  mode  field  pattern. 
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There  are  two  different  approaches  for  measurement  of  the  refractive 
index  profile  in  a  glass  waveguide  fabricated  by  ion-exchange  process.  One  of 
these  involves  measuring  the  dopant  profile  using  analytical  tools  such  as 
electron  or  ion  microprobe  [5],  analysis  of  back-scattered  electrons  in  a 
scanning  electron  microscope  [55],  or  atomic  absorption  spectro¬ 
photometry  [28].  The  other  alternative  is  to  carry  out  optical  measurements 
of  parameters  such  as  surface  reflectivity  or  mode  indices  of  the  guided 
modes.  The  latter  data  are  then  used  to  derive  the  index  profile  by  using 
inverse  UKB  approximation  [60]. 

Concentration  Profile 

Electron  microprobe  has  been  used  to  measure  the  profile  of  the  diffusing 
ion  [5].  In  this  technique,  the  high-energy  electrons  are  collected  and 
analyzed  for  the  concentration  of  the  ion  of  interest.  The  results  have  to  be 
analyzed  carefully  as  the  presence  of  other  ions  e.g.  Ca++,  Al+++,  Mg++  etc. 
in  the  glass  may  give  rise  to  spurious  effects  [5],  Electron  microprobe  is 
universal  in  the  sense  that  any  ion  can  be  analyzed.  However,  sensitivity 
depends  strongly  on  the  ion  and  the  data  can  be  very  noisy  to  draw  useful  or 
definite  conclusion,  particularly  if  the  concentration  of  the  ion  is  extremely 
low,  such  as  the  case  of  Ag+  -  Na+  exchanged  single  mode  waveguides  [12]. 

Scanning  electron  microscope  can  be  used  for  determination  of  the  profile 
in  two  ways.  One  either  analyzes  the  x-rays  (energy  dispersive  spectrometry , 
EDS)  characteristic  of  the  ion  in  question  [17]  or,  al ternati vely,  analyze  the 
back-scattered  electrons  originating  from  the  ion  [55].  Both  have  been 
successfully  used  to  measure  Ag+  concentration  in  soda-lime  glass 
waveguides.  The  resolution  is  of  the  order  of  1  um  and  since  the  scattering 
efficiency  is  higher  for  ions  of  larger  atomic  numbers,  only  heavier  ions  such 
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as  Cs  +  ,  Rb+  and  Ag  +  may  be  amenable  for  this  analysis.  High  mobility  of  ions 

such  as  sodium  under  the  beam  precludes  their  measurement  using  this  method. 

Atomic  absorption  spectrophotometry  is  an  analytical  tool  for 

concentration  measurement  of  any  element.  Here  a  thin  layer  of  the  sample 
surface  is  etched  using  HF  and  the  solution  is  analyzed  for  the  ionic 

concentration.  Subsequent  etching  is  performed  and  the  analysis  repeatedly 

carried  out  until  the  concentration  profile  is  determined  [28].  Depending  on 
the  diffusion  depth,  and  the  spatial  resolution  desired,  the  number  of  steps 
may  be  anywhere  between  10  and  20.  The  technique  is  destructive  but  is 
capable  of  giving  absolute  concentrations  without  a  great  deal  of  effort. 
Refractive-Index  Profile 

Although  for  low  concentration  of  the  diffusing  ions  generally 

encountered  in  ion-exchange  problems  the  concentration  profile  gives  the 

refractive  index  profile,  there  are  cases  where  this  is  not  true.  In  fact,  it 
has  been  shown  recently  that  Huggin's  relation  [34]  widely  used  for  predicting 
the  index  change  upon  substitution  of  the  host  ion  by  the  diffusing  ion,  does 
not  hold  in  certain  cases  such  as  in  K+  -  Na+  case  [37]  or  when  Ag+  -  Ha  + 

exchange  occurs  from  pure  AgNOi  melt  in  high-content  sodium  glasses  [32]. 
Thus,  it  is  of  great  importance  to  know  the  index  profile  and  surface  index 
change  directly. 

There  are  several  techniques  for  measurement  of  the  index  profile  in 
waveguides.  These  include  interferometry,  reflectivity  measurement  and  the 
inverse  WKB  method  which  relies  on  the  mode  indices  data. 

Interferometry  is  by  far  the  most  accurate  and  direct  technique  [1]. 
However,  the  sample  preparation  is  time  consuming  and  laborious  and  the 
technique  is  destructive.  The  two-dimensional  index  profile  can  also  oe 
determined  by  measuring  reflectivity  from  polished  faces  with  the  aid  of  an 
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optical  multi-channel  detection  system  [44].  The  surface  of  the  sample  is 
first  beveled  to  a  small  angle  (few  degrees)  and  then  illuminated  at  normal 
incidence  in  an  optical  microscope.  The  two-dimensional  reflectivity  is 
measured  by  a  vidicon  tube  attached  to  the  microscope.  The  index  distribution 
is  calculated  from  Fresnel's  formula.  High  spatial  resolution  can  be  easily 
achieved  because  of  the  beveling.  The  system  can  be  calibrated  by  measuring 
the  reflectivity  of  a  known  sample.  It  is  necessary  that  the  vidicon  response 
be  linear  for  the  intensity  levels  involved  and  sample  surface  be  very 
clean.  The  system  should  be  capable  of  accounting  for  the  stray  light. 
Requirement  of  absolute  measurements  of  power  levels  make  this  technique 
subject  to  error.  The  resolution  of  index  change  measured  is  limited  to  10  , 

making  this  method  suitable  only  for  multimode  guides. 

Although  both  the  methods  described  above  yield  the  index  distribution  in 
two  dimensions,  they  require  absolute  measurements  of  illumination.  Another 
method  which  yields  the  index  profile  of  the  waveguide  relies  on  the 
measurement  of  mode  indices.  This  can  be  easily  accomplished  by  the  prism 
coupler  technique  [61]  with  accuracies  approaching  1  x  10*^.  From  the  mode- 
index  data,  the  index  profile  is  derived  using  the  inverse  WKB  method  [60]. 
While  this  method  gives  reasonably  good  results  in  multimode  guides  in  the 
case  of  ERFC  and  exponential  profiles,  there  are  serious  problems  in 
determining  the  refractive  index  near  the  glass  surface  [60]  as  well  as  at  the 
profile  tails  (where  it  approaches  the  substrate  value  and  mode  index  values 
are  inaccurate).  Thus,  care  should  be  taken  in  the  case  of  Gaussian  or  step¬ 
like  transitions  such  as  the  case  of  el ectri c- Fiel d  induced  ion-exchange  or 
the  Cs+  -  Na+  ion-exchange  (where  the  double  alkali  effect  gives  a  sharo, 
step-like  profile  [8]).  Moreover,  the  WKB  approximation  is  known  to  be 
erroneous  near  the  mode  cutoffs  [62].  The  method  may  thus  give  reliable 
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results  for  diffusion  depths  but  the  value  of  surface-index  change  is  always 
subject  to  error.  In  case  of  surface  waveguides  (such  that  prism  coupling  can 
be  employed  for  measurement  of  mode  indices)  with  the  large  number  of  guided 
modes,  WKB  method  has  been  used  extensively  for  character! zati on  of 
waveguides.  In  the  Ag+  -  Na+  exchanged  single-mode  guides  the  index  profile 
is  ERFC  (N^g  ~  IQ'4).  WQ  and  An  thus  are  determined  by  fitting  the  measured 
mode  indices  to  those  calculated  by  solving  the  Helmholtz  equation  and 
treating  WQ  and  An  as  adjustible  parameters  [45].  Alternatively,  an  effective 
interdiffusion  coefficient  De  can  be  defined  via  the  diffusion 
depth  Wg  =  /Dgt  L 46[]  •  Table  II  lists  values  of  D  and  activation  energy  Q  for 
various  ions. 

Attenuation  and  Mode  Field  Profile 

The  techniques  for  measurement  of  attenuation  and  mode  field  profile  in 
ion-exchanged  waveguides  are  similar  to  those  used  in  integrated  optics  with 
Ti:LiNb03  waveguides.  For  planar  guides,  attenuation  can  be  measured  by  the 
three-prism  method  [63].  This  method  measures  total  attenuation,  i.e., 
contribution  from  scattering  as  well  as  absorption.  Alternatively,  scattering 
contribution  to  attenuation  can  be  measured  independently  by  probing  a  fiber 
tip  along  the  waveguide  and  capturing  the  scattered  signal.  The  variation  of 
this  signal  as  a  function  of  propagation  distance  along  the  waveguide  is 
plotted  to  determine  the  scattering  loss.  If  the  attenuation  is  below  0.1 
dB/cm,  neither  the  three-prism  nor  the  fiber  probe  method  is  adequate  and  one 
resorts  to  resonant  structures  such  as  Fabry-Perot  ring  resonator  [64,65].  In 
this  case  light  is  coupled  into  a  ring  waveguide  from  a  straight  waveguide  by 
distributed  directional  coupling  mechanism  and  the  output  from  the  ring  is 
extracted  in  a  similar  fashion.  By  measuring  the  transmission  of  the  Frabry- 
Parot  as  a  function  of  temperature,  both  the  finesse  and  the  contrast  can  be 
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determined  and  from  these  parameters  the  loss  per  unit  pass  can  be  extracted 
[65].  Another  method  of  estimating  propagation  losses  in  single-mode  channel 
waveguides  is  described  in  the  following  section. 


Mode  field  profile  measurement  is  of  paramount  importance  in  waveguide 
characterization.  Fiber-waveguide  coupling,  performance  of  the  directional 
coupler,  curvature-induced  losses,  all  depend  on  the  mode  field.  Near  field 
method  shown  schematically  in  Fig.  6  is  the  most  convenient  and  direct  way  to 
measure  the  field  pattern.  In  fact,  beside  the  waveguide  mode  field,  the 
method  shown  here  allows  determination  of  various  other  parameters  with  very 
little  additional  effort.  These  are:  the  fiber  mode  field,  the  fiber- 

waveguide  coupling  loss  and  the  propagation  loss  in  the  waveguide.  The 
measurement  procedure  is  as  follows  [66]: 

Light  from  either  a  He  -  Ne  laser  or  a  1.3  ym  semiconductor  laser  is 
coupled  into  a  short  piece  of  a  single-mode  fiber.  The  fiber  is  either 
birefringent  type  so  that  it  maintains  the  linear  polarization  or  in  the  case 
of  conventional  fiber,  the  fiber  is  kept  as  steady  as  possible  to  prevent 
polarization  fluctuations  and  linear  output  polarization  is  achieved  by 
adjusting  the  compensator  at  the  input  end.  Linear  polarization  allows 
excitation  of  either  TE  or  TM  like  modes  in  the  guide.  The  waveguide  output 
is  collected  by  a  high-quality  planar  objective  by  imaging  the  waveguide  end 
on  a  phodetector/ampl  i  fier  with  a  pinhole  mounted  at  the  front  end  of  the 
detector.  The  two-dimensional  nearfield  intensity  pattern  is  measured  by 
scanning  the  detector  horizontally  and  vertically.  The  Fabry-Perot  effect 
caused  by  the  Fresnel  reflections  at  the  fiber-waveguide  gap  can  be  eliminated 
by  adjusting  the  spacing  for  maximum  transmission  [66].  Fiber-near  field  can 
also  be  measured  using  the  same  procedure  after  removing  the  waveguide.  The 
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magnification  of  the  system  is  determined  by  imaging  a  known  mask  pattern  at 
the  detector  face  and  scanning  the  detector. 

In  order  to  determine  the  fiber-waveguide  throughtput  efficiency,  the 
output  from  the  fiber  is  first  measured.  Then  the  waveguide  is  adjusted  for 
maximum  transmission  and  the  output  once  again  measured.  Accuracies  of  the 
order  of  O.OldB  can  be  achieved  using  this  procedure  [66]. 

In  order  to  derive  the  propagation  losses  from  the  measurement  of 
fiber-waveguide  throughput  loss  and  the  fiber  and  waveguide  mode  profiles,  the 
following  procedures  can  be  used.  The  total  throughtput  loss  is  made  of  three 
components:  1)  Fresnel  loss  due  to  reflections  of  the  optical  field  at  the 
waveguide  input  and  output  interfaces,  2)  the  propagation  loss,  and  3)  mode 
mismatch  loss  due  to  different  field  distributions  of  the  single-mode  fiber 
and  channel  waveguide.  Since  the  refractive  indices  of  the  fiber  and  glass 
substrate  are  very  nearly  equal  (1.46  and  1.51  respectively) ,  the  Fresnel  loss 
is  small.  Nevertheless,  it  can  be  made  negligible  if  the  fiber-waveguide 
spacing  is  adjusted  for  maximum  transmission.  The  mode  mismatch  loss  is 
calculated  by  evaluating  the  normalized  overlap  integral  [67], 
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where  Ef  (x,y)  and  E^  (x,y)  are  the  mode  field  profiles  of  the  ciber  and 
waveguide  respectively.  The  mode-mismatch  loss  is  given  by  -10  lon,g  n.  if 
it  is  assumed  that  the  two  mode  profiles  are  Gaussian  along  both  the  x  and  y 
axes,  then 
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where  wx  and  are  the  1/e  intensity  full  width  and  depth  of  the  waveguide 
mode  and  d  is  the  1/e  intensity  diameter  of  the  fiber  mode.  Although  the 
Gaussian  mode  approximation  may  be  reasonable  for  well-guided  modes  in  buried 
channel  waveguides  where  the  field  distribution  tends  to  be  symmetric,  surface 
waveguides  with  not-so-well  guided  modes  deviate  from  the  Gaussian  case  and  a 
numerical  evaluation  of  integral  (24)  is  necessary  to  determine  the 
mode-mismatch  loss  accurately. 

Once  the  mode  mismatch  losses  have  been  determined,  the  propagation  loss 
in  the  waveguide  is  obtained  by  subtracting  is  from  the  overall  fiber- 
waveguide  throughoutput  loss. 

VII  Results 

VII  A.  Single-mode  Waveguides 

Most  of  the  progress  is  the  area  of  single-mode  guides  in  the  past  few 
years  has  occurred  in  three  basic  cation  pair  systems,  namely  Ag+  -  Na+,  K+  - 
Na+  and  Cs+  -  K+  exchange.  In  the  following,  we  summarize  these  results. 

Ag+  -  Na+  Exchange 

This  is  by  far  the  most  studied  system.  There  are  several  advantages  of 
choosing  this  cation  pair: 

(i)  Index  change  can  be  varied  diluting  the  AgN03  melt  with  NaNO-j. 
Dilute  concentrations  also  help  reduce  reduction  of  Ag+  to  metallic 
silver  [43].  No  bi refri ngence  or  depol ari zation  is  observed.  Losses 
are  also  kept  low. 

(ii)  Diffusion  temperatures  are  the  lowest  and  diffusion  times  are  also 
reasonable  as  silver  has  high  mobility. 
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(iii)  Precise  control  of  N ^  can  be  maintained  using  electrolylic  release 
method  [12].  This  allows  reproduci bi 1 i ty  in  propagation  constant  of 
1  x  1(T4. 

(iv)  Buried  waveguides  are  easy  to  fabricate  by  thermal  diffusion  as  Ag  + 
near  the  glass  surface  duffuses  out  in  the  second  step  ion  exchange. 

(v)  Film  diffusion  technique  can  be  adopted  for  dry  diffusion. 

(vi)  Low  concentrations  of  silver  in  the  glass  allow  modeling  without  the 
complications  involved  in  concentration  dependence.  Moreover,  the 


space-charge  effects  have  minimum  significance 
are  of  the  same  order. 


since  u'Ag  and  u‘Na 


(vii)  Concentration  profile  can  be  measured  non  destructi vely  using  the 
SEM  technique  [55]. 

An  extensive  study  of  Ag+  -  Na+  planar  guides  has  been  performed  at  the 


University  of  Florida  over  the  years  with  a  view  to  fabricate  single-inode 
waveguides  optimized  for  operation  at  1.3  um.  The  results  can  be  summarized 
as  follows: 


(i)  The  surface-index  change  An  is  given  by  Fig.  2  and  fiber-compatible 
guides  can  be  prepared  with  N^g  ~  10'4. 

(ii)  The  index  profile  has  been  determined  using  several  different 


techniques.  Figure  7  shows  the  planar  waveguide  index  profile  as 
measured  by  these  methods. 

(iii)  Planar  waveguides  fabricated  under  the  influence  of  applied  field 
show  step-like  profiles.  Using  U  =  u^Et,  the  nobility  T  ^  jf  silver- 
ions  in  glass  is  determined  to  be  5.0  um^/min  V  at  130’  C. 

(iv)  Channel  surface  waveguides  prepared  by  thermal  diffusion  using  A? 
masks  were  compared  to  planar  guides.  Figure  8  shows  the  typical 
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index  profile  [52].  The  values  cf  An  and  diffusion  depth  and  width 
depend  on  the  mask  width  as  shown  in  Figs.  9,10  and  11 


respectively.  For  mask  width  Wc  >  5um,  the  values  of  An  and  the 
width  approach  the  respective  planar  values.  Because  of  the  side 
diffusion  the  waveguide  width  for  W  ~  5  u n  can  be  made  fiber 

compatible  for  1.3  um  operation  provided  the  aspect  ratio  be  kept 
close  to  unity,  i.e.  the  waveguide  depth  be  increased  without 

affecting  the  width  signi f icantly.  This  was  achieved  when  waweguides 
were  buried  by  app'ying  electric  field  in  the  second  step  [53].  The 
ratio  of  the  additional  depth  to  the  side  diffusion  is  given 

by  r  =  -----  .  The  magnitude  of  the  field  was  kept  sufficiently 

high  and^We  exchange  time  small  so  that  the  thermal  diffusion  is 
low.  It  is  necessary  to  remove  the  metallic  mask  in  the  second  step 
so  that  Na  +  ions  can  enter  the  glass  Trough  the  previously  masked 

regions.  Otherwise,  their  depletion  would  cause  side  diffusion  of 
silver. 

A  study  of  the  effect  of  mask  material  on  the  side  diffision  has  been 

performed  [68]  and  preliminary  results  obtained  indirectly  frum  the  mode  field 
measurements  show  that  the  mode  width  is  somewhat  reduced  if  Aj^O^  mask  is 
used  in  the  first  step.  Because  of  low  concentration  ot  silver  involved  in 
these  buried  guides,  SEM  technique  is  inadequate  for  profile  determination. 

Figure  12  shows  the  intensity  profiles  of  typic.il  surface  waveguides  Qs 
obtained  by  scanning  the  near  field  along  the  depth  (vertical  -  V,  normal  to 
the  substrate  plane)  and  width  (horizontal  -  H,  in  the  substrate  plane) 

directions.  Notice  the  asymmetry  along  the  depth  direction  caused  by  the  air 
interface.  The  dotted  curves  show  the  fitted  Gaussian  using  the  maximization 
criteria  of  the  launching  efficiency  given  by  (24).  The  mode  field  asymmetry 
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of  the  surface  guides  causes  fiber-waveguide  mismatch  loss  and  additional 
scattering  losses.  When  the  guides  are  buried,  the  mode  symmetry  is  improved 
and  circular  fiber-like  distribution  is  produced  [531.  The  mismatch  loss  of 
0.2dB,  obtained  in  the  optimized  case  of  mask  widths  VJ  in  the  5-6  ym  range  is 
relatively  insensitive  to  the  exact  value  of  the  mask  width.  This  relative 
insensitivity  of  the  total  loss  to  the  exact  channel  width  is  very 
encouraging.  The  propagation  losses  of  0.4dB/cm  at  1.3  ym  in  commercial 
sodalime  microscope  slide  have  been  achieved  in  these  buried  waveguides.  The 
measured  mode  intensity  distribution  is  in  qualitative  agreement  with  the 
solution  of  the  Helmholtz  equation  [69].  However,  a  quantitative  comparison 
cannot  be  made  lest  the  index  profile  be  modeled  more  real i s ti cal  1  y .  Efforts 
are  presently  underway  to  obtain  a  correlation  in  channel  waveguides  to  the 
same  level  of  satisfaction  as  is  obtainable  in  planar  guides  [13]. 

While  the  attempts  to  optimize  the  single-mode  guides  for  low  losses  and 
fiber  compatibility  have  given  favorable  results,  the  progress  on  the  device 
end  using  Ag+  -  Na+  exchange  has  been  tardy.  Part  of  this  can  be  attributed 
to  the  lack  of  enthusiam  owing  to  the  general  belief  that  silver  glasses  are 
lossy  and  prone  to  deterioration  in  their  optical  transmi ssion.  While  this  is 
true  if  pure  AgNOj  melts  are  used,  single-mode  structures  with  low  silver 
contents  are  not  likely  to  suffer  from  these  drawbacks.  The  early  efforts  of 
Walker  and  Wilkinson  [64,70]  in  Ag+  -  Naf  devices  using  pure  AgflO-j  melts 
included  fabrication  of  directional  couplers  and  ring  resonators  which  showed 
high  losses.  Working  on  similar  lines  substantial  progress  has  been  reported 
in  ring  structures  by  Mahapatra  and  co-workers  [65,71,72]  with  losses  of  the 
order  of  ~  0.8  dB/cm  at  0.63  um  and  a  finesse  of  55  for  the  ring.  Recently, 
buried  directional  couplers  for  wavelength  multiplexing  at  0.85  um  and  1.30  um 


in  a  borosilicate  glass  has  been  reported  using  dilute  melts  [56].  However, 
the  losses  are  still  high  (~  1  dB/cm)  and  the  waveguides  support  two 
transverse  modes  at  0.85  ym.  In  none  of  the  above  studies  reproduci bi 1 i ty 
factor  has  been  adquently  discussed  and  at  present  it  is  not  clear  what  the 
limitations  will  be. 

K+  -  Na+  Exchange 

This  system  has  by  far  been  the  most  used  for  single-mode  device 
fabrications.  This  preference  may  be  attributed  to  two  principal  factors: 

(i)  The  index  change  with  pure  KNO3  melt  is  highly  compatible  with 
single-mode  fibers. 

(ii)  Unlike  Ag+  -  Na+  process,  no  conentration  control  of  the  melt  is 
required. 

Yip  et  al  [13,46]  have  reported  an  extensive  study  of  K+  -  Na+  planar 
guides  in  soda-lime  glass.  It  includes  determination  of  the  index  profile, 
measurement  of  the  interdiffusion  coefficient  and  its  temperature  dependence. 
An,  and  birefringence.  Similar  studies  have  been  extended  to  BK  -  7  [14], 
Pyrex  glass  [14],  and  semiconductor-doped  colored  glasses  [73].  Index  profile 
and  stress-induced  index  change  and  birefringence  have  been  calculated  and 
correlated  with  the  experimental  data  [36,38,46,73]. 

Single-mode  devices  have  been  observed  to  preserve  the  polarization 
[15,74]  with  cross  coupling  of  25  dB.  Both,  Y-type  and  directional  coupler 
type  1x3  star  couplers  have  been  fabricated  [74,75],  analyzed  [74]  and 
characterized  [74]  with  losses  as  low  as  0.5  dB/cm  at  0.63  am.  Directional 
couplers  using  one-step  [56]  as  well  as  two-step  [76]  process  have  been 
fabricated  and  characterized.  The  attenuation  of  2.1  dB  in  the  former  case 
(66  mm  long  waveguides)  is  caused  by  the  surface  scattering.  However,  the 
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authors  claim  that  their  attempts  to  bury  the  K+  -  Na  +  waveguides  were 
unsuccessful  and  they  attribute  this  to  a  strong  affinity  of  K+  to  the  glass. 

Symmetric  and  asymmetric  couplers  consisting  of  two  circular  guides  or  a 
pair  of  a  straight  and  a  circular  waveguide  have  been  fabricated  using 
K+  -  Na+  process  in  BK  -  7  glass  [77].  The  coupling  ratio  varies 

exponentially  with  the  separation  and  the  results  are  in  good  agreement  with 
the  calculations  performed  using  coupled  mode  theory  [77]  as  well  as  Beam 
Propagation  Method  [54].  In  the  latter  work,  an  electric  field  was  applied 

across  the  substrate  and  identical  mode  fields  at  0.63  pm  were  obtained  for 
2  ym  and  4  ym  wide  windows.  It  is  not  obvious  whether  this  was  a  result  of 
the  two  waveguides  having  same  index  profile  (caused  by  different  side 
diffusion  in  the  two  cases)  or  it  was  due  to  the  weaker  guidance  in  the  2  ym 
channel  . 

Cs+  -  K+  Exchange 

This  cation  pair  system  has  recently  been  adopted  by  several  workers  in 

West  Germany  [9,16,78].  They  use  a  special  glass  BGG21  made  by  Schott 
Glassworke.  The  composition  of  the  glass  [9,16]  is  such  that  it  allows 

optimization  of  the  process  parameters  for  single-mode  waveguide 
fabrication.  The  waveguides  are  nearly  stress-free  [16],  low-loss  (<0.1 
dB/cm)  and  reproducible  [33]  and  can  be  buried  using  a  two-step  process 
[78],  Diffusion  is  performed  from  a  molten  mixture  of  CsNO^  and  CsCt  which 
gives  An  =  0.04.  Dilution  with  KNO^  gives  smaller  An  and  can  be  controlled  to 
the  desired  value  [78].  Characteri zation  of  the  ion-exchange  process  using 
planar  waveguides  appears  to  be  complete,  paving  the  way  to  useful  device 

fabri cation . 
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VIII  Conclusion 


Recent  developments  in  the  study  of  ion-exchange  process  have  permitted  a 
better  understanding  of  the  role  of  the  processing  conditions  and  the 
substrate  glass  in  influencing  the  index  profile  of  planar,  surface  and  buried 
single-mode  waveguides.  While  such  detailed  correlations  in  the  case  of  Ag+- 
Na+  exchange  have  allowed  fabrication  of  low-loss,  fiber  compatible, 
reproducible,  buried  channel  waveguides  whose  characteristics  are  in 
qualitative  agreement  with  those  predicted  by  solutions  of  the  two-dimensional 
diffusion  equation  with  simplified  approximations,  difficulties  remain  in 
obtaining  quantitative  agreement  with  the  theory  under  realistic  processing 
conditions.  Buried  waveguide  fabrication  using  K+-Na+  process  still  remains 
to  be  demonstrated  and  optimized  for  losses  and  mode  symmetry.  The  subject  of 
the  tolerance  of  processing  parameters  required  for  a  specified  degree  of 
assured  reproducibil  i  ty  is  an  open  question  as  is  the  concern  with  the 
prevalence  of  myrads  of  non-standard  glass  compositions.  Finally,  the  issues 
of  the  possible  degradation  and  other  ultimate  limitations  of  ion-exchanged 
waveguide  components  have  to  be  resolved.  Nevertheless,  significant 
developments  in  fabrication  of  devices  such  as  multiplexers,  star  couplers, 
and  ring  resonators  using  Ag+-Na  +  as  well  as  K+-Na+  process  have  stimulated 
renewed  interest  in  other  cation  pair  systems  for  fabrication  of  single-mode 
devices  and  in  spite  of  the  belated  entry  into  the  arena  of  integrated  optics, 
glass  waveguides  appear  to  be  more  viable  candidates  for  applications  as 
passive  1-0  components  than  ever  before. 
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Table  I.  Easiest  Result^  of  Ion-Exchanged  Waveguides  for  Various  Ions.  The 
host  ion  is  Na  . 


Ion 

Radius 

A° 

Polarizabil  ity 
a°3 

Glass 

Melt  Temperature 
(°C) 

Vn  Reference 

Tl  + 

1.49 

5.2 

Boro- 
si  1  i  cate 

T1  N03 

+KN03 

530 

0.001 

-0.1 

1 

+ N  a  N  0  3 

K+ 

1.33 

1.33 

Soda-1 ime 
and 

KN0-, 

365 

0.003 

5 

Ag  + 

1.26 

2.4 

A1  umi no- 
sil icate 

AgN03 

225- 

270 

0.13 

5 

Li  + 

0.65 

0.03 

Soda-1 ime 

Li 

+K2so4 

520- 

620 

0.012 

7 

Rb+ 

1.49 

1.93 

Soda-1 ime 

RbN03 

520 

0.015 

3 

cs+ 

1.65 

3.34 

Soda-1 ime 

Cs'i°3 

520 

0.03 

8 

Cs  + 

1.65 

3.34 

BGG21 

CsH03 

435 

0.043 

9* 

+CSC1 

*Cs+-K+  ion  exchange.  For  Na  +  ions,  ionic  radius  is  0.95  A  and  its 
polarizability  is  0.43  A  . 
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Table  II 


.  Diffusion  Coefficients  of  Various  Cations  in  Glasses  used  for 
Waveguides. 


Cations 

Glass 

Temperature 

(°C) 

(10-^m2/s) 

0°4J/n,ole) 

Reference 

Tl  + 

Borosil icate 

530 

20 

— 

1 

Li + 

Soda-1 ime 

575 

64 

14.2 

7 

Ag+ 

Soda-1 ime 

374 

0.7 

9.1 

11 

Ag+ 

Borosil icate 

615 

0.26 

9.1 

44 

Agt 

Soda-1 ime 

215 

0.010 

43 

Ag 

BK-7 

320 

0.025 

9.8 

10 

Ag+ 

Soda-1 ime 

330 

0.01- 

0.03 

8.9 

49 

K+ 

Soda-1 ime 

385 

0.11 

12.5 

13 

K+ 

BK-7 

385 

0.14 

-- 

14 

K+ 

Pyrex 

385 

0.06 

-- 

14 

Cs  + 

BGG21 

407 

0.32 

20 

9 

Na  + 

Soda-1 ime 

371 

12 

16 

41 
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Figure  Captions 


Fig.  1. 


Fig.  2. 


Fig.  3. 


Fig.  4. 


Fig.  5. 


Fig.  6. 


Fig.  7. 


Variation  of  An  and  W  (measured  at  1/e  point)  of  silver  film 
diffused  guides  at  275°C  with  applied  voltage  (1mm  thick 
substrate).  [25]. 

Variation  of  An  and  the  glass  surface-silver  concentration  N„ 

Ag 

with  the  melt  concentration  ^Ag •  [19]. 

Refractive  index  profile  of  planar  surface  Ag+  -  Na+  waveguides 
using  WKB  method  (0)  with  electric  field  and  (x)  without  applied 
field.  Solid  curves  are  the  best  fit  to  data  using  theoretical 
calculations  [18].  Curve  1  is  ERFC  and  2  is  the  fit  to  Eq  (23). 
Calculated  variation  of  the  index  peak  position  *peak  and  the  1/e 
index  width  W  with  the  second-step  parameters  [13].  Curves  1,2, 
and  3  correspond  to  £?  =  10,  40,  and  70  V/mm  respectively.  The 

data  points  (x)  are  from  [49]. 

Schematics  of  Ag+  -  Na'1'  exchange  using  electrolytic  release  [12] 
and  on-line  concentration  control  [59], 

Experimental  arrangement  for  measuring  near-field  profile  and 
waveguide  losses  [66]. 

A  comparison  of  the  index  profile  results  using  various  techniques. 
+AAS  [28],  x  SEM  [49],  0  Inv.  VJKB,  *  Electron  microprobe,  -  fitted 
ERFC  to  the  measured  mode  indices  using  fini  te-di fference 


method.  w  =  2/Dt  . 
o 

Fig.  8.  Silver  concentration  profile  in  channel  waveguides  measured  by 
SEM.  N^g  =  2  x  10"\  T  =  330°C  and  t  =  60  min.  Mask  opening 
width  =  10  urn.  Insets  represent  the  1-D  scans  along  the  dotted 
lines.  [52]. 
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Fig.  9. 

Fig.  10. 


Fig.  11. 


Fig.  12. 


Comparison  of  surface-index  change  of  channel  waveguides  with 
planar  yuides  as  a  function  of  mask  width.  [52]. 

Diffusion  depth  of  surface  channel  waveguides  as  a  function  of  mask 
width.  The  horizontal  lines  represent  planar  guide  widths  under 
identical  diffusion  conditions.  [52]. 

Variation  of  aspect  ratio  (width/depth)  and  total  side  diffusion 
(guide  width-mask  width)  as  a  function  of  mask  width  for  surface 
channel  waveguides.  [52]. 

Typical  mode  intensity  profiles  of  single-mode  surface  channel 
waveguides  at  1.3  um  x  horizontal,  0  vertical.  The  curves 
represent  the  best  Gaussio.i  fit  using  (24).  [53].  n  =  0.933  for 

fiber  with  1/e  intensity  width  of  6.83  um,  showing  0.30  dB  coupling 
loss. 
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Abstract 

There  has  been  considerable  interest  in  recent  years  in  the  technology 
for  fabrication  of  glass  waveguide  components  for  integrated  optics  and  sensor 
applications.  This  paper  reviews  the  recent  developments  in  the  ion-exchange 
technology  of  single-mode  glass  waveguides  and  components.  Fabrication, 
characterization  and  modelling  of  both  surface  and  buried,  planar  as  well  as 
channel  waveguides  involving  a  two-step  ion-exchange  process  are  described. 
It  is  shown  how  a  systematic  study  allows  a  correlation  between  the  process 
parameters:  namely,  composition  and  temperature  of  the  molten  salts,  diffusion 
time  and  applied  field  at  each  step,  and  the  waveguide  performance.  We 
present  the  results  on  low-loss  single-mode  waveguides  with  mode  field 
distribution  compatible  with  single-mode  fibers  at  1.3  um  with  a  view  towards 
optimization  of  passive  devices  at  this  wavelength. 
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Recent  Advances  In  Ion-Exchanged  Optical 
Waveguides  and  Components 


R.  V.  Ramaswamy  and  R.  Srivastava 
Department  of  Electrical  Engineering 
University  of  Florida 
Gainesville,  FL  32611  USA 


Introduction 

The  ion-exchange  technique  has  received  increased  attention  in  recent 
years  because  it  has  been  found  to  improve  the  surface-mechanical  properties 
of  glass  [1]  and,  more  importantly,  to  introduce  a  gradient  index  in  the 
glass.  The  technique  has  been  successfully  used  in  the  manufacture  of  low- 
loss  optical  fibers,  gradient-index  optical  components  for  imaging  app¬ 
lications,  and,  more  recently,  in  the  fabrication  of  planar  and  channel 
waveguides  in  glass  substrates.  In  fact,  glass  waveguides  are  considered  to 
be  prime  candidates  for  integrated  optic  (I-Q)  device  applications  sucn  as 
star  couplers,  access  couplers,  wavefront  sensors,  multiplexers,  demulti¬ 
plexers,  and  in  sensors  such  as  gyroscopes.  The  importance  of  the  ylass 
waveguide-based  1-0  components  is  borne  out  by  their  compatibility  with 
optical  fibers  and  potentially  low  cost.  In  addition,  they  have  low  pro¬ 
pagation  loss  and  can  be  fabricated  and  integrated  into  the  system  with 
relative  ease.  However,  unlike  its  electro-optic  and  semiconducting 
counterpart  substrate  materials  (e.g.,  LiNbOg,  GaAs,  etc.),  index  of  the  glass 
substrate  cannot  be  tuned  by  application  of  an  external  electric  field,  and 
therefore  glass  devices  must  be  fabricated  with  assured  reproducibi 1 i ty  within 
specified  tolerances. 

For  1-0  applications,  one  of  the  most  important  criteria  in  the  selection 
of  the  host  glass  and  the  species  of  the  exchanging  ions  is  the  simultaneous 
achievement  of  low  propagation  losses  and  the  desired  refractive  index  pro- 
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diffusion  process  be  studied  in  detail  to  understand  the  role  of  the  process¬ 
ing  parameters.  (inly  through  a  careful  correlation  of  these  parameters  with 
the  waveguide  performance,  it  would  be  possihle  to  establish  guidelines  for 
fabrication  of  devices  with  the  desired  characteristics. 

Ion-Exchange  Process 

Since  Izawa  and  Nakagome  [31  reported  the  first  ion-exchanged  waveguide 
by  Tl+-Na't’  exchange,  optical  wavequides  in  glass  substrates  have  invariably 
been  fabricated  by  the  ion-exchange  process  which  creates  a  thin  layer  of 
higher  refractive  index  beneath  the  surface  of  the  substrates.  This  is 
normally  accomplished  by  the  diffusion  of  monovalent  atoms  of  higher  polar¬ 
izability,  e.g.,  Cs+,  Rb+,  K+,  Ag+,  and  Tl+  into  the  glass  matrix  where  they 
exchange  with  Na+  or  K+  ions.  Besides  the  polarizability  of  the  cations,  the 
net  index  change  also  deoends  on  the  difference  in  the  sizes  of  the  two  ex¬ 
changing  ions  (formation  of  elastic  stress  in  the  glass)  and  the  change  in  the 
polarizability  of  the  oxygen  ions.  For  example,  when  K+  replaces  Na+,  the 
exchange  causes  the  glass  *;o  swell  and  undergo  stress-induced  birefringence 
[41.  On  the  other  hand,  when  Lr  exchanges  with  t’a+  in  soda-lime  glass,  the 
glass  index  increases  due  to  the  collapse  of  the  network  near  the  smaller  Li+ 
ion  [51. 

In  practice,  there  are  two  approaches  to  waveguide  formation  by  ion 
exchange.  In  the  most  popular  and  widely  studied  approach  r?-?5l,  the  glass 
substrate  is  immersed  in  a  molten  salt  bath  at  an  elevated  temperature.  In  an 
alternative  approach  T26- 31 1 ,  a  metallic  film  is  deposited  on  the  glass 
surface,  and  diffusion  is  carried  out  oy  applying  an  external  field  to  incorp¬ 
orate  the  ions  into  the  glass  structure  whpre  they  exchange  with  the  alkali 
ion.  This  method  has  been  used  only  for  the  Ag+-Na+  process  because,  silver, 
compared  to  other  metals  of  the  alkali  group,  does  not  suffer  oxidation 


easily.  In  this  paper,  we  will  be  concerned  with  ion  exchange  from  molten 
salt  mixtures  only  with  emphasis  on  single-mode  waveguide  structures. 

Of  the  various  monovalent  ions  exchanged  in  glass  by  diffusion,  each  one 
has  its  advantages  and  drawbacks.  For  example,  T1 +  is  known  to  be  somewhat 
toxic  but  gives  rise  to  a  relatively  large  index  change  (~0.1)  and  is  there¬ 
fore  more  suitable  for  multimode  waveguides  [3,9].  The  losses  are  also 
reasonably  low  (~0.1  dB/cm) .  Ag+  is  susceptible  to  being  reduced  (becoming 
metallic)  and  thereby  may  introduce  losses  if  diffused  in  large  concentrations 
[2,15,32].  K+  can  be  easily  incorporated  in  soda  lime  [19],  borosilicate  r>- 
pyrex  glasses  [20],  but  the  accompanying  index  change  is  substantially  smaller 
(~0.01)  along  with  smaller  diffusion  rates.  Thus  large  diffusion  times  (a  few 
hours)  are  required  for  suitable  waveguiding  to  occur,  limiting  its  use  for 
single-mode  guides.  On  tne  other  hand,  the  diffusion  coefficient  of  Li'1’  is 
much  larger,  and  hiynly  multimode  guides  with  index  profiles  compatible  with 
optical  fibers  can  be  produced  in  a  few  minutes  [5],  The  maximum  index  change 
of  the  order  of  0.015  can  be  achieved  easily,  but  so  far  no  low-loss  yuides 
have  been  demonstrated.  In  the  case  of  Cs+,  the  index  change  of  the  order  of 
0.043  has  been  achieved  [21],  but  sufficient  data  are  not  yet  available 
regarding  loss,  etc.  One  disadvantage  in  using  Cs+  is  that  it  reacts  with 
most  materials,  and  therefore  diffusion  has  to  be  carried  out  in  a  platinum 
crucible,  thereby  adding  to  the  cost. 

The  K+-Na+  and  Ag+-\a+  exchange  processes  have  been  used  by  several 
workers  for  fabricating  single-mde  devices  such  as  star  couplers,  directional 
couplers,  filters  and  ring  resonators  [33-42].  While  single-mode  optimization 
studies  in  Ag+-Na+  case  have  been  reported  [45],  no  systematic  study  of  tne 
fabrication  parameters  in  the  case  of  K+-Na+  exchange  has  been  reported  so 
far,  with  the  result  that  the  structures  have  not  been  optimized  for  loss  and 
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file.  The  propagation  losses  are  dominated  by  absorption  primari ly  due  to  the 
presence  of  foreign  impurities  in  the  glass  and  the  scattering  contributions 
caused  by  the  glass  inhomogeneity  and  surface  or  geometric  imperfections.  By 
careful  choice  of  the  host  glass,  absorption  losses  as  low  as  0.07  dB/cm  have 
been  obtained  [2].  Scattering  losses,  on  the  other  hand,  are  generally 
introduced  in  the  processing  steps.  Dopants  introduce  additional  Rayleigh 
scattering  to  the  background  losses  caused  by  the  multicomponent  nature  of  the 
glass.  Reduction  of  the  incoming  ion  in  the  glass  matrix  can  give  rise  to 
additional  losses.  Surface  i rregul ari ti es  invariably  interact  with  the 
propagating  field  and  contribute  to  losses  by  scattering.  However,  this  can 
be  minimized  by  burying  the  waveguides  under  the  glass  surface  by  carrying  out 
a  two-step  diffusion  process.  Finally,  even  in  straight  channel  waveguides 
the  imperfect  boundaries  present  in  the  mask  and  reproduced  during  the 
photolithographic  process  may  introduce  additional  loss.  This  loss  component 
is  less  serious,  however,  since  the  diffusion  process  smooths  out  such 
irregularities. 

The  refractive  index  profile,  on  the  other  hand,  depends  on  various 
parameters  in  an  intricate  manner.  The  composition  of  the  host  glass,  the 
nature  of  the  incoming  ion  and  its  concentration  in  the  source,  the  diffusion 
temperature,  the  diffusion  time,  and  the  magnitude  of  the  externally  applied 
field,  all  affect  the  index  profile.  While  most  of  the  researcn  to  date  has 
been  concerned  with  the  creation  of  multimode  waveguide  regions,  for  1-0 
applications  it  is  mandatory  that  single-mode  structures  be  reliably  fabri¬ 
cated  and  characterized.  Fabrication  of  devices  such  as  multiplexers  calls 
for  reproducibi  1  i  ty  in  the  propagation  constant  of  the  guided  mode  to  an 
accuracy  of  better  than  10  in  order  to  fabricate  glass  waveyuide  devices 
of  such  reproducible  characteristics,  it  is  necessary  that  the  exchange  and 


mode  field  distribution.  For  example  the  2.5  yin  deep  surface  waveguide 
with  ~10ym  channel  width  used  for  making  directional  couplers  [42]  are  likely 
to  give  highly  elliptical  mode  field  profiles  with  large  surface  scatter 


losses.  If  these  waveguides  were  buried  by  applying  an  electric  field  in  a 
second-step  diffusion,  the  resultant  guides  are  expected  to  be  compatible  with 
fibers  and  exhibit  lower  attenuation. 

Ag^-Na^  Exchange 

The  binary  exchange  of  Ag+-Na+  is  by  far  the  most  researched  technique 
and  in  the  following  we  will  confine  our  attention  to  this  binary  system 
only.  Readers  are  referred  to  a  review  by  Findakly  [43]  describing  the 
developments  in  other  binary  systems  as  of  1983.  When  pure  AgNOg  melt  is  used 
for  the  exchange  process,  1  arge  An(~0.1)  waveguides  are  obtained  which  have 
some  disadvantages:  a  large  silver  concentration  causes  coloring  due  to 
silver  reduction  [2];  secondly,  single-mode  waveguides  are  shallow  and  thus 
incompatible  with  fibers[15].  Moreover,  the  time  of  diffusion  involved  is 
rather  short,  thereoy  causing  uncertainty  and  lack  of  reproducib i 1 i ty  in  the 
waveguide  characteri sties.  Dilute  solutions  of  AgNOg  and  NaNOg  allow 
achievement  of  lower  An  and  more  controllable  diffusion  times  [10,23].  This 
is  generally  achieved  by  adding  a  known  amount  of  AgNOg  in  NaNOg ,  and  the 
diffusion  is  carried  out  near  the  melting  point  of  the  mixture  (>  330°c). 


However,  such  a  process  is  not  applicable  to  batch  processing  as  silver 
concentrations  will  change  during  the  process,  causing  alterations  in  the 
waveguide  characteristics.  This  problem  can,  however,  be  overcome  by  the 
electrolytic  release  technique  [13].  The  process  allows  generation  of  a  very 


small  concentration  of  silver  ions  precisely.  Since  a  metallic  silver 
electrode  rather  than  a  salt  mixture  is  used,  the  impurities  can  be  kept 
minimal  as  ultrapure  silver  rods  are  commercially  available.  The  process  of 
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electrolytic  release  can  he  controlled  electronically  allowing  a  high  degree 
of  accuracy  in  the  concentration  of  Ag+  ions  in  the  bath.  Using  a 
concentration  cell  [441  for  the  in  situ  measurement  of  Ag  ion  concentration, 
high-measurement  accuracy  and  assured  reproducibility  have  been  demonstrated 
to  facilitate  on-line  concentration  control  (to  better  than  1  ug)  by  periodic 
pumping  of  the  silver  ions  into  the  molten  hath. 

The  Ag+-Na+  ion-exchange  process  is  fairly  versatile,  and  both  planar 
[2, 6- 8, 12, 14-1 6,18,23,251  and  channel  [7,14,15,22,41]  waveguides  have  been 
fabricated.  The  surface  waveguides  made  in  the  first-step  diffusion  have  been 
buried  under  the  glass  surface  by  carrying  out  diffusion  in  a  second  step  with 
or  without  an  externally  applied  electric  field  across  the  glass  substrate 
when  no  silver  ions  are  present  in  the  melt  T12, 14, 15, 25, 451.  Thus  the  index 
profile  can  be  tailored  to  the  desired  characteristics  by  a  judicious  choice 
of  the  process  parameters  (melt  composition,  temperature  and  applied  field)  in 
each  step  for  a  given  glass  and  a  given  ion.  Concentration  of  the  incoming 
ion  in  the  melt  determines  the  net  index  change. 

Process  and  Performance — A  Necessary  Link 

In  order  to  establish  a  correlation  between  the  process  parameters  and 
the  waveguide  performance,  it  is  necessary  to  investigate  the  various  steps 
involved.  These  studies  can  be  categorized  in  the  following  distinct  areas: 

1)  Ion-exchanqe  equilibrium  to  determine  the  relationship  hetween  the 
melt  ion  concentration  and  the  glass-surface  ion  concentration. 

2)  Analysis  of  the  diffusion  equation  with  appropriate  boundary  condi¬ 
tions  to  predict  the  concentration  profile. 

3)  Fabrication  of  the  waveguides. 

4)  Experimental  determination  of  the  diffusion  profile  and  correlation 
with  the  theoretical  analysis.  It  is  generally  assumed  that  the 
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concentration  profile  is  a  replica  of  the  index  profile.  This 
assumption  has  been  experimentally  verified  and  is  valid  as  long  as 
the  concentration  is  small  [46,47], 

5)  Calculation  of  the  waveguide  propagation  characteristics  by  solving 
the  Helmholtz  equation  for  the  given  index  profile. 

6)  Optical  characteri zation  of  the  waveguide  and  the  correlation  between 

the  measured  parameters  and  the  process  parameters.  This  involves 
measurement  of  mode  indices  (in  the  case  of  surface  waveguides  where 
prism  coupling  technique  can  be  used),  the  cutoffs  of  the  modes  [48] 
and  their  field  profiles  and,  of  course,  the  attenuation.  In  most  of 
the  work  reported  in  the  literature  [2,10,12,16],  the  mode  indices 
data  have  been  used  to  determine  the  index  profile  by  using  the 
inverse  WKB  approach  [49].  In  this  case  step  4)  is  a  part  of  6). 

However,  this  method  is  not  suitable  for  analyzing  single-mode  guides 
or  steep  profiles. 

1 1  Theory 

A.  Ion-Exchange  Equilibrium 

When  the  glass  containing  a  monovalent  cation  B  is  introduced  into  a 

molten  salt  solution  containing  the  diffusing  monovalent  cation  A,  ion  A  is 
driven  into  the  glass  by  an  interphase  chemical  potential  gradient  and  in 
order  to  maintain  charge  neutrality,  ion  B  is  released  into  the  melt.  This 

ion  exchange  process  can  be  represented  by  an  overall  chemical  reaction  as 

follows  [5U] : 

A  +  B  =  7\  +  B  ,  (1) 

where  the  bar  denotes  the  cations  in  the  glass  phase. 

In  the  study  of  chemical  reactions,  one  is  concerned  about  the  rate  of 
reaction  and  the  equilibrium  characteri sties.  The  rate  of  ion  exchange  may  be 
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limited  by  the  following  processes: 

(i)  Mass  transfer  of  reactants  and  removal  of  products  from  the  reaction 
i nterface  i n  the  mel t. 

(ii)  Kinetics  of  the  reaction  at  the  interface. 

(iii)  Transport  of  ions  in  the  glass. 

Transfer  of  cations  in  the  melt  takes  place  via  diffusion  and 
convection.  Convection  in  the  melt  can  be  altered  by  stirring  the  melt. 
However,  near  the  glass-melt  interface,  a  region  may  exist  where  no  convective 
mixing  occurs  because  of  fluid  friction  at  the  interface.  Across  this 

stagnant  boundary  all  the  mass  transfer  of  the  cations  to  and  from  the 
reaction  interface  occurs  through  diffusion  [51],  If  the  liquid-phase 
diffusion  can  supply  ample  reactants  and  remove  enough  products  to  and  from 
the  interface,  the  process  is  not  mass  transfer  limited.  For  diffusion  to  be 
a  limiting  process  in  the  melt,  the  important  parameter  is  (0^/D^)1^, 

where  denotes  the  molar  concentration  of  cation  A  and  its  self-diffusion 
coefficient.  It  has  been  shown  [51]  that  if  this  parameter  is  greater  than 
about  10,  the  rate  is  not  mass  transfer  limited  due  to  diffusion  in  the  melt. 

At  the  interface,  the  overall  rate  of  the  reaction  is  affected  by 

kinetics  of  the  ion-exchange  reaction.  It  is  highly  unlikely  that  surface 
kinetics  are  a  rate-limiting  step  and  are  thus  assumed  to  be  much  faster  than 
the  transport  processes  in  the  melt  and  glass  phase.  In  the  glass  phase,  mass 

transport  is  carried  out  entirely  by  diffusion  of  the  cations.  The 

equilibrium  state  of  reaction  (1)  specifies  the  surface  boundary  condition  for 
the  diffusion  process  and  the  accompanying  surface-index  change.  Thus  the 
control  of  the  cation  diffusion  profile  in  glass  is  subject  to  manipulation 
of  this  boundary  condition  and  the  cation  transport  (diffusion)  properties  in 
the  glass. 
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A  convenient  method  of  notation  in  a  binary  problem  is  the  definition  of 
the  cation  fractions: 


where  N,-  is  the  cation  fraction  and  C-j  is  the  absolute  concentration  of  the 
cation  i  in  the  salt  phase.  It  can  be  seen  from  the  above  relations  •‘'■'V 

h  +  Mp  =  1  (2) 

Similarly  in  the  glass  phase,  we  have 

* A  +  V  1  V 

Garfinkel  [5(11  proposed  a  model  to  describe  ion-exchange  equilibrium 
between  glass  and  molten  salts  successfully.  For  the  overall  raction  (1),  an 
equilibrium  constant  is  defined  as 


The  thermodynamic  activities  of  the  cations  in  the  salt  can  be  expressed  as 

ai  =  Vi 

where  y-  is  the  activity  coefficient  of  the  respective  ion.  The  ratio  of  the 
activity  coefficient  in  the  molten  salt  can  be  represented  by  the  Regular 
Solution  Theory  [521: 

ln  TT  =  ^ 

H 

where  R  is  the  gas  constant,  T  is  the  temperature  of  the  melt  in  Kelvin  and  A 
is  the  interaction  energy  of  the  two  cations  in  the  melt.  In  this  model,  the 
reference  state  for  the  activity  of  each  ion  is  chosen  as 
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Li  m 
N.  ♦ 


Yi  = 


In  the  glass  phase, 
represented  by  the  n-type 
[53]  which  states: 

2 


the  ratio  of  the  activities  of  the  two  cations  is 
behaviour  first  suggested  by  Rothmund  and  Kornfeld 


Here  the  reference  state  is  defined  as: 


Substituting  Eqns.  (2),  (3),  (5)  and  (6)  into  (4),  the  following  equation  is 
obtai ned. 
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If  the  models  for  the  activity  coefficients  in  the  two  phases  are  valid,  a 
plot  of  the  left-hand-side  of  (7)  versus  1 n  {  /  ( 1  -  )  }  should  yield  a 
straight  line  with  slope  equal  to  n  and  intercept  equal  to  In  (1/K).  When  the 
parameter  n  is  unity,  the  glass  is  said  to  be  ideal.  A  large  value  of  K  on 
the  other  hand  would  indicate  a  large  intake  of  the  cation  A  by  the  glass  for 
a  given  melt  composition.  Once  the  paramters  n  and  K  are  determined,  Eq.  (7) 
provides  a  relation  between  and  at  the  glass  surface  from  which  accurate 
boundary  conditions  for  solution  of  the  diffusion  equation  can  be  obtained. 

Studies  of  ion-exchange  equilibrium  in  glasses  include  the  early  work  of 
Schulze  [54]  and  later,  the  pioneering  work  of  Garfinkel  [50]  involving  many 
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different  cation  pairs. 


In  Doth  these  studies,  the  silver  cation 


concentrations  were  relatively  large  >  0.1).  More  recently,  Stewart  and 

taybourn  [10]  reported  a  study  of  Ay+-Na+  exchange  at  very  low  concen- 
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trations  (N^~  10  )  required 

However,  the  information  on 


for  fabrication  of  single-mode  waveguides, 
the  surface  concentration  of  Ag+  in  glass  was 


obtained  indirectly  by  optical  measurements  on  the  waveguides.  There  are  two 


drawbacks  in  such  a  method;  first,  the  WKB  method  employed  to  determine  the 
mode  indices  is  subject  to  error  in  cases  where  waveguide  supports  only  one  or 
two  modes  [55],  and  second,  the  assumption  that  in  the  case  of  pure  AgNOj 
melt,  all  the  surface  Na+  ions  in  glass  are  substituted  for  Ag+  ions,  may  not 
necessarily  be  valid  [56].  It  is  therefore  desirable  to  measure  absolute 
concentration  profile  of  Ag+  ions  in  the  glass.  Recent  results  [57]  of  Ag+- 
Naf  ion-exchange  equilibrium  using  atomic  absorption  spectrometry  for  the 
measurement  of  absolute  concentration  of  Ag+  ions  in  glass  indicate  that  at 
the  processing  temperature  and  under  variable  mixing  conditions,  neither  mass 
transfer  in  the  melt  nor  the  reaction  kinetics  at  the  melt-glass  interface 
influence  the  exchange  process.  The  dopant  profile  is  observed  to  be 
primarily  determined  by  the  diffusion  of  silver  ions  in  tne  glass  matrix.  The 
diffusion  profile  at  low  melt  concentrations  (NAg-10“4)  is  found  to  be  erfc 
which  is  not  only  in  excellent  agreement  with  that  obtained  by  the  SEM 
analysis  [25],  it  also  correlates  well  with  the  index  profile  derived  from  the 
measured  mode  indices  [2J,45].  This  correlation  allows  determination  of  an 
empirical  relation  for  the  surf ace- i ndex  change  from  the  known  melt  concen¬ 
tration  (see  Fig.  I).  The  results  also  show  that  the  assumption  of  a  concen¬ 
tration  independent  interdiffusion  coefficient  in  solving  the  diffusion 
equation  [12,15,23]  is  valid  in  the  case  of  low  silver  melt  concentra- 
tion  (~10  MF)  employed  for  single-mode  waveguide  fabrication.  The  subject  of 
the  index  profile  will  be  further  discussed  in  the  following  when  we  describe 
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the  diffusion  process. 

B.  Diffusion  Equation 

The  Fickian  diffusion  molar  flux  components  of  the  two  cations  in  the 
glass  phase  are  given  by  [58] 


-  3lna. 
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where  <p.=  molar  flux  of  cation  i  (moles/m^-s)  , 

n.  =  self-diffusion  coefficient  of  the  cation  i  , 
u-  =  electrochemical  mobility  (m  /V-s)  , 
a^  =  thermodynamic  activity  (mole/m  )  , 
and  E  =  electric  field  (V/m). 

It  must  be  pointed  out  that  in  glasses,  Einstein  relation  between  the 
self-diffusion  coefficient  and  mobility,  i.e., 

(9) 

is  generally  not  valid.  Instead,  equation  (9)  is  written  in  a  modified  form 
given  by 

.  no) 

where  the  correlation  factor  f  depends  on  the  glass  composition  and  has  been 
found  [59]  to  be  in  the  range  0.1  <  f  <  1. 

*>■  -V 

A  few  words  about  the  electric  field  E  are  in  order  here.  E  ,  as  it 
appears  in  equation  (8),  includes  any  external  applied  field  as  well  as  the 
component  arising  from  a  local  space-charge  distribution  near  the  diffusion 
boundary  which  moves  deeper  into  the  substrate  as  time  evolves.  The  space 
charge  region  is  caused  by  the  lower  mobility  of  the  incoming  ion  (  ) 

and  is  governed  by  the  following  relation 

V*(e  E)  =  p  (11) 


n.  =  —  y. 
i  e 
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where  the  local  space-charge  density 

p  =  e  (  CA  +  CR  -  CR°)  (12) 

In  the  above  equation  CR°  is  the  absolute  concentrations  of  cation  R  in 
the  glass  before  the  ion  exchange.  For  weakly  guiding  case,  (11)  can  be 
replaced  by  =  p/e.  The  fact  that  V*E  4=  0  shows  that  in  the  presence  of  the 
space  charge,  the  Eq.  (13). 

-  o 

CA  +  CR  =  CR  (13) 


is  not  strictly  valid  but  during  diffusion  it  is  found  to  be  very  nearly  so 
ri5i. 


Using  the  Eq.  (14)  in  (R)  and  assuming  that  the  self-diffusion  coefficients 
are  not  concentration  dependent,  the  diffusion  equation  can  be  derived  in 
the  following  form 


where 


and 


r  1 


1 


3ln  aft 

n  =  - 

3ln 


(15) 

(15) 

(17) 
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Eq.  (15)  can  be  solved  to  obtain  the  concentration  profile  provided  the 
initial  condition  and  the  boundary  conditions  are  known.  One  of  the  boundary 
conditions  involves  knowledge  of  the  concentration  of  cation  A  at  the  glass 
surface  which  is  a  function  of  the  melt  concentration  via  the  equilibrium 
condition  of  reaction  (1).  Eq.  (7)  provides  such  relationship. 

The  Mixed  Alkali  Effect 

Although  it  is  generally  assumed  that  the  self-diffusion  coefficient  of 
each  ion  is  concentration  independent,  it  is  known  that  when  two  alkali  ions 
are  present  in  the  glass,  some  properties  directly  related  to  alkali  ion 
movement  show  large  departures  form  additivity  T 60 .  A  general  consequence  of 
adding  a  second  alkali  is  signficant  reduction  in  the  diffusion  coefficient  of 
the  original  alkali  ion.  While  this  reduction  in  diffusion  coefficient 
occurs  whether  the  second  alkali  is  larger  or  smaller  than  the  original  one, 
the  magnitude  of  the  change  varies  directly  with  the  concentration  and  the 
size  mis-match  of  the  second  alkali.  Moreover,  the  self-diffusion  coefficient 
of  an  alkali  ion  is  always  considerably  higher  than  the  impurity  alkali 
diffusion  coefficient.  This  implies  that 

nA  «  nB  for  Ra  <<  1 

and  furthermore  suggests  that  and  vary  with  the  concentration  of  the 
diffusing  species  A  and  hence  are  position  dependent. 

The  ratio  of  the  two  self-diffusion  coefficients  (D^/D^)  thus  varies 
drastically  in  the  glass  during  the  diffusion  process  and  this  concentration 
dependence  of  the  self-diffusion  constants  should  be  considered  explicifely  in 
deriving  the  diffusion  equation.  To  the  best  of  our  knowledge,  this  has  not 
been  done,  obviously  due  to  the  complications  involved  not  only  in  the 
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mental  data  is  not  available  to  include  the  dependence  of  on  in  the 

analysis.  However,  for  large  silver  concentrations  such  as  involved  in 


fabrication  of  gradient  index  components  for  imaging  applications,  an 


exponential  dependence  of  has  been  assumed  [61].  One  consequence  of  the 

mixed  alkali  effect  is  that  step-like  diffusion  profiles  are  obtained  when 


there  is  considerably  large  concentration  dependence  of  the  two  diffusion 
coefficients  [11]. 


C.  Solution  of  the  Diffusion  Equation 
a)  Diffusion  without  external  field 

Eq.  (15)  can  be  further  simplified  if  there  is  no  external  field  present 
and  v>  t  is  set  equal  to  zero.  In  other  words,  the  local  space  charge  is 
neglected.  In  this  case  it  can  be  shown  [15]  that  the  two-dimensional 
diffusion  equation  becomes 


(ii)  Na  <<  1,  i.e.,  concentration  of  the  incoming  ion  is  much  smaller  than 
that  of  the  outgoing  ion  in  the  glass.  In  this  case  also  the  diffusion 
equation  reduces  to  (19).  This  approximation  is  reasonably  valid  for 
single-mode  waveguide  fabrication  conditions  [25,57], 

(iii)  In  the  case  of  planar  waveguides  (13)  reduces  to  the  one  dimensional 
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diffusion  equation  which  is  normally  written  as 


at  ax 


(  0 


aR, 


ax 


(20) 


where  0  is  called  the  interdiffusion  coefficient  given  by 


t)  = 


i-  a  Ra 


(21) 


If  it  is  further  assumed  that  in  the  glass,  tne  Einstein  relation  (9)  is 
valid,  and  if  not,  at  least  the  correlation  factors  f,-  [Eq.  (10)]  for  the  two 
cations  are  the  same,  then 


15  = 


n  °A  °B 


°A  NA  +  °B  NB 


(22) 


For  the  two  cases  (i)  and  (ii)  pointed  out  above,  D  =  nD^.  In  this  case  the 
diffusion  equation  has  the  simplest  form: 


(23) 


and  with  the  initial  and  boundary  conditions  given  respectively  Dy 


Na  (x ,0)  =  0  at  x  >0  (24) 

Ra  (“st)  =  0 

and  Ra  (0 , t )  =  for  all  t  >0, 

the  solution  [51]  of  (23)  is. 


Na  (x,t)  =  N0  erfc  (x/Wq) 


(2  5) 
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where 


WQ  -  2/  nDAt 


(26) 


and 


erfc  (z)  =  — 

/  7T 


03 

/ 


(27) 


WQ  is  called  the  effective  depth  of  diffusion  and  corresponds  to  that  distance 
from  the  waveguide  surface  where  (ft^  /  ft  )  =  erfc  (1)  =  0.157. 

When  a  +  1  such  as  the  case  of  C$+  -  Na+  exchange  [11],  the  interdiffusion 
coefficient  is  highly  concentration  dependent  and  the  solution  of  the 
diffusion  equation 


3N 


_A  3 _ 

3 1  n  3x 


( 


1  -aft, 


3ftA 

3x 


) 


(2  8) 


A 

for  various  values  of  a  is  obtained  by  “numerical  solution.  The  results  have 
been  given  by  Crank  [51].  Step-like  profiles  are  obtained  when  a  approaches 
unity.  For  intermediate  values  of  a,  Gaussi an- 1  i  ke  diffusion  profiles  are 
obtained  [62].  Finite-difference  metnod  has  been  used  by  several  workers  to 
solve  one-dimensi ona I  as  well  as  two-dimensional  equations  successfully  [15], 
b) .  Diffusion  With  External  Electric  Field 

The  diffusion  of  incoming  ion  can  be  enhanced  by  applying  an  electric 
field  across  the  substrate.  In  this  case,  one  has  to  solve  the  combined 
equations  (15)  and  (11)  which  is  a  difficult  task  at  best  in  the  two- 
dimensional  case.  However,  in  the  case  of  one-dimensional  (planar) 
waveguides,  approximate  solutions  can  be  obtained  under  certain  conditions. 


(i)  For  the  special  boundary  conditions 


l  for  x  =  0 


J 
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where  x‘  =  x/ld  =  x  /2/nO.t  is  the  normalized  effective  depth  of  diffusion 

0  n 

without  external  field  and  r  =  uEt/W  . 

It  has  been  shown  [14,45]  that  the  influence  of  the  space  charge  [Equation 
(11)]  leads  to  steeper  diffusion  fronts  when  compared  to  the  solution  (31). 
For  large  values  of  r,  the  contribution  by  the  second  term  in  (31)  is 
negligible  and  the  diffusion  profile  can  be  approximated  as  [25]: 


94 


and 


>  for  x  + 


NA 

3X 


=  0, 
=  0 


the  solution  of  (15)  in  one-dimensional  case  is  [63] 


N,  (x)  =  Nq  {  1  +  exp  [  v  Nq  —  (  x  -  vt  )  -  } 

nDA 


-1 


(29) 


with  a  concentration-dependent  diffusion  front  velocity 
V  -  vQ  (  1  -  a  )  /  (  1  -  a  Nq  ) 

The  velocity  vQ  =  i 0/e  C°g  depends  on  the  current  density  i0  in  the  presence 
of  the  appl i ed  field. 

(ii)  For  low  concentrations  (RA  <<  1),  space-charge  effects  can  be  neglected 
and  for  planar  waveguides  Eq.  (18)  reduces  to 


3N, 

3t 


(30) 


and  (x,t)  is  calculated  by  a  Lapl ace-transform  techniques  [64] 


NA  =  t 


{erfc  (x  -  r)  +  exp  (4rx  )  erfc  (x  +  r) } 


(31) 


where  x‘  =  x/WQ  =  x  /2/nDAt  is  the  normalized  effective  depth  of  diffusion 

without  external  field  and  r  -  uEt/W  . 

o 

It  has  been  shown  [14,45]  that  the  influence  of  the  space  charge  [Equation 
(11)]  leads  to  steeper  diffusion  fronts  when  compared  to  the  solution  (31). 
For  large  values  of  r,  the  contribution  by  the  second  term  in  (31)  is 
negligible  and  the  diffusion  profile  can  be  approximated  as  [25]: 
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(32) 


(x,  r)  =  ~~  {erfc  (x  -  r)},  r  >  2.5 

In  the  two-dimensional  case,  Eq.  (15)  has  been  solved  [14]  neglecting  the 

concentration  dependence  of  the  interdiffusion  coefficient  and  assuming  that 
the  diffusion  term  in  (15)  is  small.  While  such  solutions  are  valid  for  very 

large  applied  fields  such  as  involved  in  multimode  waveguides,  the  case  of 

single-mode  guides  does  not  fall  in  this  category.  In  such  situations 
equation  (15)  can  be  solved  only  by  numerical  methods  [15]. 
c) .  Two-Step  Ion  Exchange  (Buried  Waveguides) 

Surface  waveguides  obtained  by  ion-exchange  are  character! zed  by  higher 
loss  caused  by  surface  scattering.  Furthermore,  the  intensity  profile  of  the 
guided  mode  is  not  circularly  symmetric  and  compatible  with  optical  fiber. 
Tnese  drawbacks  can  be  overcome  by  burying  the  waveguides  in  a  second  ion 
exchange  in  a  melt  free  of  the  cation  A.  An  external  field  may  be  applied 
during  this  step  to  control  the  buried  depth  and  the  index  profile.  Since  the 
initial  conditions  in  this  case  are  determined  by  the  first-step  diffusion 
profile,  analytical  solutions  to  Eq.  (15)  cannot  be  obtained  and  one  has  to 
resort  to  numerical  techniques  once  again  and  has  been  attempted  by  several 
workers  in  the  past  [15,45,65].  While  in  the  case  of  planar  waveguides  the 
correlation  between  theory  and  experiment  has  been  successfully  achieved  [45], 
there  is  not  sufficient  evidence  whether  the  results  and  the  approximations 
made  predict  satisfactory  results  in  the  case  of  channel  waveguides. 

III.  Resul ts 

A.  PI  anar  Waveguides 

Modelling  of  the  diffusion  (index)  profile  in  the  case  of  planar 
waveguides  has  been  reported  by  many  workers  [1  5,45,65].  At  low  melt 
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concentrations  used  for  fabrication  of  single-mode  guides,  it  has  been  shown 
[45]  that  interdiffusion  coefficient  is  only  weakly  dependent  on  the  silver 

concentration.  Assuming  that  electrical  mobility  u  and  the  electric 
field  £  do  not  depend  on  position,  the  one-dimensional  diffusion  equation  is 
given  by  (30).  The  waveguide  index  profile  for  the  two-step  process  for  given 
fabrication  parameters  can  be  predicted  reasonably  well  [45,65] 
provided  D,  u  and  the  surface  index  change  An  in  the  first  step  (without 
applied  field)  have  been  previously  determined.  Fig. 2  shows  the  schematics 
used  by  the  authors  for  the  fabrication,  modelling,  characterization  ^r.d 
correlation  of  the  experimental  and  theoretical  results. 

The  value  of  13  is  obtained  by  measuring  the  width  W  of  the  index  profile 
and  using  the  relation  W  =  2/  Dt  .  The  surf  ace- i ndex  change  is  determined  by 
measuring  the  mode  indices  of  the  guided  modes  using  a  prism  coupler.  In  the 
case  of  waveguides  which  support  one  or  two  modes,  the  mode  index  data  can  be 
correlated  with  the  theory  as  follows:  The  one-dimensional  normalized 

Holmholtz  equation  is  solved  for  the  index  profile  Dy  a  finite-difference 
method  to  obtain  the  mode  indices  of  the  TE  modes.  The  two  variables  An  and 
WQ  are  adjusted  to  give  the  best  fit  to  the  measured  indices.  In  the  case  of 

multimode  waveguides  (>  6  modes),  the  inverse  WKB  method  [49]  may  be  employed 

to  give  the  index  profile  and  the  surface-index  change.  Ionic  mobility  u  can 
be  determined  by  fabricating  a  surface  waveguide  in  presence  of  an  external 
field  and  using  the  mode-indices  data  to  determine  the  index  profile.  A 
subsequent  fit  to  the  calculated  profile  with  the  predicted  result  of  Eq.  (31) 

then  yields  the  values  of  0  and  u  [25].  The  surface-index  change  An  has  been 

observed  to  be  independent  of  the  applied  field  [25]. 

Once  all  the  necessary  parameters  are  determined  from  single-step  ion 
exchange,  buried  symmetric  index  profiles  can  be  obtained  by  carrying  out  ion- 
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exchange  in  a  second  step  by  applying  an  external  field  in  a  NaNOg  molten  bath 
free  of  silver.  The  resulting  index  profile  can  be  measured  by  SEM  analysis 
[25].  Alternatively,  it  can  be  predicted  by  solving  the  diffusion  equation 
with  the  use  of  appropri ately  known  boundary  and  initial  conditions.  Fig.  3 
shows  the  evolution  of  the  index  profile  with  the  second-step  diffusion  time 
as  calculated  by  using  a  simple  numerical  method  [45]. 

The  variation  of  index  profile  width  W  and  the  index-peak  position  Xpeak 
below  the  waveguide  surface  with  the  diffusion  time  and  the  field  during  the 
second-step  are  shown  in  Fig. 4.  It  is  observed  that  VI  ~  /tj,  -,  a  result  in 
agreement  with  the  experimental  data  [25]  shown  by  the  crosses  (x)  in  the 
curve  1.  The  index-peak  position  ( xpeak )  dePends  linearly  on  time  as  well  as 
on  the  field.  This  result  suggests  that  the  whole  profile  is  translated  by 
the  applied  field  and  the  net  translation  is  governed  by  the  product  yEt. 

B.  Channel  Waveguides 

Although  planar  waveguides  form  the  basis  for  study  of  the  basic  ion- 
exchange  process,  they  cannot  be  used  in  real  system  applications  because  of 
geometrical  incompatibility  with  fibers.  For  practical  applications,  there¬ 
fore  two-dimensional  channel  waveguides  are  fabricated.  This  is  achieved  by 
delineating  open  channel  patterns  of  varying  widths  on  glass  substrates  by 
photolithographic  techniques  and  then  carrying  out  ion  exchange  process 
creating  a  waveguiding  region  via  the  mask  openings.  Although  channel  wave¬ 
guides  using  the  ion-exchange  techniques  have  been  around  for  quite  a  while 
(in  fact,  the  first  glass  waveguides  were  of  stripe  geometry  [3]),  not  until 
recently  adequate  attention  was  given  to  optimization  of  singe-mode  structures 
in  terms  of  the  mode  symmetry,  attenuation,  and  fiber-compatibility. 
Modelling  of  surface  channel  waveguides  has  enjoyed  partial  success  as  the 
two-dimensional  diffusion  equation  (15)  has  been  solved  numerically  in  special 
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cases  [14,15].  The  two-step  process  still  remains  to  be  modelled.  Part  of 
the  problem  in  modelling  has  beer,  the  presence  of  significant  side  diffusion 
of  silver  under  the  metallic  (mostly  aluminum)  masks  [22].  A  systematic  study 
of  single-mode  channel  surface  waveguides  prepared  from  dilute  AyNOg-NaNOg 
melts  was  carried  out  recently  with  mask  widths  ranging  from  2  to 
10  urn  [22],  Their  diffusion  profiles  were  determined  along  the  widths  as  well 
as  along  the  depth  direction.  Fig.  5  shows  the  profile  for  a  mask  opening 
of  10um  width  as  obtained  by  SEM.  A  comparison  of  these  waveguides  with  the 
planar  structure  fabricated  under  identical  conditions  shows: 

a)  Decreasing  N/\g  decreases  diffusion  depth  in  channels,  a  result 
similar  to  that  observed  in  planar  guides  [25]. 

b)  Increasing  channel  width  increases  the  diffusion  depth  approaching 
that  of  the  planar  guides  for  large  widths.  However,  for  lower  , 
planar  values  are  achieved  at  lower  guide  widths. 

c)  Channels  have  smaller  An  as  compared  to  their  planar  counterparts , 
approaching  their  value  for  mask  widths  of  the  order  of  10  um. 

d)  There  is  substantial  side  diffusion  under  the  masks.  The  aspect 
ratio  of  the  index  profile  varies  between  1.5  and  3.0  as  the  mask 
width  increases  from  2  to  10  um.  However,  the  surface  guides  are 
single-noded  at  1.3  um  wavelength  up  to  mask  widths  of  ~  6  um  when 

=  2  x  10'4MF  and  diffusion  is  carried  out  at  330°  for  60  min. 

e)  In  single-mode  regions  the  channel  waveguides  have  negligible 
depl ari zati on  whereas  multimode  guides  exhibit  measurable 
depolarization  due  to  mode  connversion.  Moreover,  no  deposition  of 
silver  under  the  edges  of  metallic  aluminum  masks  was  observed, 
contrary  to  what  has  been  reported  in  the  literature  [15]  when 
diffusion  was  carried  out  from  pure  AgNOg  melts.  The  lack  of 
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depolarization  and  the  high  quality  of  the  waveguides  free  from 
scattering  centers  and  birefringence  can  be  attributed  to  the  low 
level  of  silver  concentrati on  (N^  10'^MF)  . 

Following  this  study  and  availability  of  the  relevant  parameters  from 
two-step  process  in  planar  waveguides,  low-loss  si  ngl  e-mode  buried  channel 
waveguides  have  been  successfully  fabricated  by  a  two-step  process  with  a  view 
towards  process  optimization  for  1.3  yin  operation  [66].  Measurements  of  the 
mode  field  distribution  have  been  carried  out  by  using  an  experimental 
arrangement  shown  schematically  in  Fig.  6.  A  conventional  Corning  single-mode 
fiber  with  1/e  mode-field  diameter  of  10  ym  was  employed  to  couple  light  into 
a  photodetector  covered  with  a  10  ym  pinhole  and  the  near  field  intensity 
distribution  was  scanned  parallel  and  perpendi cul ar  to  the  channel  width. 

Typical  results  are  shown  in  Fig.  7.  It  is  obvious  that  in  absence  of  an 
external  field  in  the  second  step,  the  mode  field  is  elliptical  for  any  mask 
width.  This  is  attributed  to  significant  side  diffusion  under  the  masks 
[22].  Applied  field  is  essential  to  improve  the  symmetry  of  the  index  profile 
by  reducing  the  diffusion  time  in  the  second  step  and  a  consequent  reduction 
in  side  diffusion.  Nearly  circular  mode  fields  with  mode-field  diameter  in 
the  9-10  ym  range  can  be  ootained  from  mask  widths  in  the  range  of  4.5  - 
6.5  ym.  For  these  optimum  buried  waveguides,  the  fiber-waveguide  total 
throughput  loss  (including  the  coupling  loss,  Fresnel  loss  and  propagation 
loss)  on  the  order  of  ldB  have  been  achieved  [66]  for  15  mm  long  channel  using 
commercial  slides  as  the  soda-lime  glass  substrates.  It  is  expected  that 
lower  losses  can  be  achieved  by  using  better  quality  glass.  The  experimental 
arrangement  of  Fig.  7  allows  evalution  of  the  coupling  efficiency  via  the  mode 
overlap  integral  [67]  and  Fresnel  loss  is  estimated  by  knowing  the  refractive 
indices  of  the  fiber  and  the  waveguide.  The  technique  thus  allows 
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determination  of  the  propayation  loss. 

Theoretical  analysis  of  channel  waveguides  of  arbitrary  refractive  index 
profiles  is  carried  out  using  one  of  the  several  techniques.  Effecive  index 
approach  [63,69],  variational  methods  [70,71]  and  a  host  of  other  numerical 
methods  [72-74]  have  been  used  over  the  years  to  predict  the  propagation 
characteristics  with  reasonable  accuracy.  The  theoretical  results,  however, 
have  not  been  compared  to  experimental  values  due  to  lack  of  accurate 
knowledge  of  index  profiles  in  practical  waveguides.  This  challenge  is  one  of 
the  subjects  under  study.  This  lack  of  correlation  between  theoretical  and 
experimental  work  does  not  present  any  significant  obstacles  as  far  as  the 
prediction  of  mode-field  profile  is  concerned  since  the  field  profile  is  not 
very  sensitive  to  the  index  distribution  [75].  However,  parameters  such  as 
the  propagation  constant  and  coupling  coefficient  between  two  adjacent 
waveguides  (such  as  in  a  directional  coupler)  cannot  be  calculated  with 
reasonable  accuracy  to  design  useful  devices. 

CONCLUSION 

Ion-exchange  technology  for  fabrication  of  passive  waveguide  components 
in  glasses  has  made  significant  progress  in  the  past  few  years.  Improved  fab¬ 
rication  and  characterization  techniques  and  modelling  of  the  ion-exchange 
process  have  allowed  a  deeper  understanding  of  the  processes  and  the  role 
played  by  the  fabrication  parameters  in  determining  the  waveguide  character¬ 
istics.  Although  low-loss  fiber  compatible  single-mode  waveguides  can  be 
fabricated  with  reproducible  mode  field  profile  and  low  loss,  the  repeat¬ 
ability  of  the  process  for  useful  1-0  devices  is  yet  to  be  demonstrated.  A 
vigorous  activity  to  respond  to  this  challenge  is  leading  to  renewed  enthu¬ 
siasm  in  the  field.  We  expect  to  see  major  thrust  in  this  area  in  the  coming 
years  as  the  economic  viability  of  massive  employment  of  fibers  in  such 
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applications  as  local  area  networks  depends  to  a  groat  deal  on  potentially 
inexpensive  glass  waveguide  devices. 
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FIGURE  CAPTIONS 


Fig.  1.  Variation  of  surface-silver  concentration  and  index 

change  An  with  melt  silver  concentration  N^g  at  330°C  in  a 
soda-lime  glass.  [Ref.  57] 

Fig.  2.  Schematics  for  study  of  two-step  ion  exchanged  waveguides. 

Fig.  3.  Evolution  of  index  profile  with  second-step  diffusion  time. 

[Ref.  45] 

Fig.  4.  Variation  of  the  index  peak  position  Xp^  below  the  glass 

surface  and  the  1/e  index  width  W  with  the  second-step 
parameters.  The  data  points  are  from  Ref.  [25]  and  the 
theoretical  curves  from  [45], 

Fig.  5.  Silver  concentration  profile  in  channel  waveguide  as  measured 
by  SEM.  [Ref.  22] 

Fig. 6.  Mode-field  measurement  schematics. 

Fig. 7.  Variation  of  measured  1/e  intensity  width  in  (1)  surface  and 

(2)  buried  waveguide  with  mask  width.  H  denotes  horizontal 
scan  (paralled  to  the  substrate  surface)  and  V  denotes 
vertical  scan  [Ref.  66]. 
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of  a  silver  film  into  a  glass  substrate  in  the  pres¬ 
ence  <»f  an  electric  field  is  used  to  fabricate  a  series  of  planar  wave¬ 
guides  in  an  etfort  to  better  understand  the  diffusion  process  and  to 
relate  the  process  parameters  to  the  device  parameters.  The  results 
indicate  that  it  is  possible  to  fabricate  highly  multimode  waveguides 
which  exhibit  no  fabrication-induced  surface  defects  and  no  coloration 
due  to  silver  reduction  provided  the  silver  film  is  not  depleted  during 
the  diffusion  process  and  the  diffusion  temperature  is  low  (275°C  or 
less!.  In  addition,  scanning  electron  microscope  (SEM)  anal>sis  and 
optical  characterization  indicate  that  the  maximum  index  change  in  the 
waveguide  is  strongly  dependent  on  the  applied  field.  We  demonstrate 
that  An  varies  from  approximately  0  to  0.075  for  fields  ranging  from  0 
to  15  V  mm.  making  this  technique  specially  attractive  for  the  fabri¬ 
cation  of  waveguide  structures  requiring  a  large,  variable  change  in 
refractive  index. 

J.  iMRnm  HTON 

LASS  waveguides  have  recently  received  considera¬ 
ble  attention  since  they  appear  to  be  suitable  candi¬ 
dates  for  the  fabrication  of  low-cost,  low-loss  integrated 
optical  devices.  To  date,  the  majority  of  the  waveguides 
studied  have  been  fabricated  by  placing  a  glass  substrate 
in  a  molten  salt  bath  at  an  elevated  temperature  and  ex¬ 
changing  the  constituent  sodium  ions  with  various 
monovalent  ions  [1],  At  the  University  of  Florida,  we 
have  investigated  extensively  the  Ag*-Na"  exchange  in 
glass  (2 f  and  have  been  able  to  fabricate  reproducible, 
low  -loss  single-mode  and  multimode  planar  and  channel 
waveguides.  Although  Ag‘-Na~  exchange  seems  to  be 
an  extremely  promising  technique  for  fabricating  single 
mode  passive  devices,  it  appears  that  it  may  not  be  quite 
suitable  for  certain  device  applications,  e.g..  highly  mul¬ 
timode  waveguides  with  numerical  apertures  comparable 
to  that  of  multimode  fibers  and  nonuniform  waveguide 
structures. 

An  alternative  method  for  fabricating  glass  waveguides 
utilizes  diffusion  of  silver  films  into  glass  131(5]  In  this 
process,  a  silver  film  is  deposited  directly  on  a  glass  sub- 
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strate  and  then  diffused  at  an  elevated  temperature.  An 
electric  held  can  be  applied  across  the  sample  to  aid  the 
diffusion  process.  We  find  that  this  technique  offers  sev¬ 
eral  advantages  over  ion-exchange:  1)  the  process  is  rel¬ 
atively  clean  since  pure  (99.999  percent)  silver  is  depos¬ 
ited  directly  on  a  clean  substrate  and  the  subsequent 
diffusion  is  performed  in  a  closed  chamber;  2)  the  tem¬ 
perature  and  concentration  gradients  across  the  width  of 
the  sample  are  negligible  compared  to  the  ion-exchange 
technique  resulting  in  uniform  waveguides;  3)  the  wave¬ 
guides  can  be  fabricated  at  relatively  low  temperatures; 
and  4)  it  is  possible  to  fabricate  low-loss  waveguides  with 
large  An  whereas  similar  waveguides  fabricated  using  lon- 
exchangc  tend  to  be  colored  due  to  silver  reduction.  The 
major  disadvantage  of  this  technique  is  that  it  is  difficult 
to  make  deep  (10  jim)  single-mode  waveguides  whereas 
this  can  be  easily  achieved  using  the  ion-exchange  tech¬ 
nique. 

In  the  earlier  work  on  silver-diffused  glass  waveguides 
first  presented  by  Chanter  et  al.  (3),  a  thin  layer  of  silver 
(used  as  both  the  dopant  and  the  anode)  was  deposited  on 
the  top  surface  of  a  glass  substrate  while  a  layer  of  alu¬ 
minum.  deposited  on  the  back  of  the  sample,  served  as 
the  cathode.  The  diffusion  was  carried  out  at  temperatures 
ranging  from  170  to  300  C  w  ith  applied  fields  from  0  to 
500  V'nim.  Chartier  et  al.  obtained  single-mode  wave¬ 
guides  after  35  min  of  diffusion  at  180°C  using  an  electric 
field  of  50  V'mm.  The  maximum  index  change  of  their 
silver-diffused  waveguides  was  approximately  the  same 
(0.09)  as  their  Ag  -Na'  exchanged  waveguides  made 
using  pure  molten  AgNO«.  In  addinon.  they  reported  fab¬ 
ricating  waveguides  with  seven  guided  modes  at  250°C 
without  an  applied  field  (diffusion  time  of  2  h). 

Findakly  and  Gamnre  [4]  used  an  almost  similar  tech¬ 
nique  where  a  few  hundred  angstrom  thick  silver  film 
served  as  both  the  dopant  and  the  anode.  For  the  cathode, 
they  utilized  a  gold  film  for  the  fabrication  of  single-mode 
guides  and  molten  sodium  nitrate  for  highly  multimode 
guides.  The  waveguides  ranged  in  width  from  a  few  mi¬ 
crons  to  a  few  lens  of  microns  depending  on  the  applied 
field  (up  to  100  V mm)  and  the  diffusion  temperature 
(250 -SOO’C).  The  authors  estimated  a  An  of  0.001  for 
guides  fabricated  with  no  applied  field  and  a  An  of  up  to 
0.025  with  an  applied  field.  As  they  mentioned,  these  re¬ 
sults  did  not  agree  with  the  results  presented  in  |3]  In 
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addition,  they  were  unable  to  make  a  single-mode  wave¬ 
guide  even  after  4  h  of  diffusion  at  25C°C  ( E  =  0)  which 
again  was  in  contrast  with  [3].  Our  own  experience  con¬ 
firms  the  results  of  Findakly  and  Garmire  [4], 

Pitt  a  al.  (5)  developed  a  slightly  different  set-up  for 
the  diffusion  process  w  hich  made  use  of  a  separate  anode 
and  dopant  source.  The  aluminum  anode  also  acted  as  a 
pattern-delineation  mask  for  defining  the  desired  device 
geometry.  The  solid  dopant  source  was  replaced  by  a  sil¬ 
ver  vapor  stream  continuously  supplied  during  the  diffu¬ 
sion.  so  that  there  was  no  limit  to  the  guide  depth  imposed 
by  the  silver  film  thickness.  As  in  the  previous  experi¬ 
ments,  a  metallic  film  was  used  as  the  back  electrode.  Pitt 
ei  al.  fabricated  waveguides  with  a  maximum  \n  of  0.08 
using  diffusion  temperatures  ranging  from  100  to  300°C 
and  applied  fields  from  0  to  100  V/mm.  During  the  dif¬ 
fusion  process,  the  authors  monitored  current  flow  through 
the  glass  and  observed  that  after  a  certain  period  of  time, 
the  current  flow'  began  to  decrease.  They  attributed  this 
reduction  to  sodium  depiction  from  the  surface  of  the 
sample. 

In  this  paper,  we  report  on  a  series  of  planar,  silver- 
diffused  waveguides  fabricated  with  various  silver  thick¬ 
nesses.  diffusion  times,  and  applied  fields  in  an  effort  to 
better  understand  the  physics  of  the  ditlusion  process.  The 
setup  is  similar  to  that  reported  in  [4],  except  we  deposit 
a  gold  lilm  over  the  silver  film  to  prevent  oxidation  of  the 
silver  during  the  diffusion  process.  SEM  (scanning  elec¬ 
tron  microscope)  analysis  and  the  prism  coupling  method 
are  used  to  determine  how  the  various  process  parameters 
affect  waveguide  performance.  Included  in  this  discussion 
is  a  demonstration  of  how  An  varies  with  applied  field. 
Finally,  we  compare  the  optical  properties  of  the  silver- 
diffused  waveguides  to  Ag'-Na*  exchanged  waveguides 
fabricated  in  our  laboratory. 

II.  Wavicu  idi  Fabrication 

We  utilized  the  set-up  depicted  in  Fig.  1  for  fabricating 
the  silver-diffused  waveguides.  Initially,  a  several  thou¬ 
sand  angstrom  thick  silver  film  was  deposited  on  the  soda- 
lime-glass,  Fisher  Brand  Premium  substrate  (composition 
(wt  percent):  SiO;— 72.25  percent.  Nn-O — 14  31  percent. 
CaO— 6.4  percent.  ANO, — 1-1.2  percent.  K;0— 1.2  per¬ 
cent.  MgO— 4.3  percent.  Fc;0,— 0.03  percent,  and  SO, — 
0.3  percent)  using  an  electron  beam  evaporation  system. 
To  prevent  oxidation  and  flaking  of  the  silver  film  during 
the  diflusion  process,  a  2000  angstrom  gold  film  was  de¬ 
posited  on  top  of  the  silver.  This  structure  served  as  the 
anode.  We  chose  to  use  a  molten  salt  for  the  cathode  since 
metallic  back  electrodes  tend  to  deteriorate  w  ith  time  due 
to  an  accumulation  of  sodium  metal  [4],  A  small  amount 
of  powdered  silver  nitrate  was  placed  on  top  of  the  glass 
sample  and  melted  to  form  the  cathode.  Molten  silver  ni¬ 
trate  was  chosen  for  this  purpose  because  it  has  a  consid¬ 
erably  lower  melting  point  than  sodium  nitrate.  Connec¬ 
tion  to  the  molten  silver  nitrate  electrode  was  ac¬ 
complished  using  a  large  loop  of  copper  wire.  Due  to  the 
finite  resistivity  of  the  molten  silver  nitrate,  care  must  be 
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Fig.  I  Experimental  \ei-up  used  for  fabricating  silver'diflused  wave 
guides. 
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Fig  2.  Current  Mow  versus  time  for  waveguides  lubricated  with  two  j,* 
ferent  silver  thicknesses  it)  4  and  1  fiiin  /  2"5  C.  A  -  20  V  mm 


taken  to  locate  the  copper  wire  at  least  0.5  cm  from  the 
back  surface  of  the  glass  or  else  the  applied  voltage  will 
vary  across  the  sample,  resulting  in  a  nonuniform  diffu¬ 
sion. 

The  diffusion  was  earned  out  at  275’C  in  a  quartz  fur 
nacc  tube.  The  current  flow  was  monitored  during  the  dif  ¬ 
fusion  process  by  measuring  the  voltage  drop  across  an 
820  ft  series  resistor  (see  Fig  I )  and  was  plotted  using  a 
chart  recorder.  In  Fig.  2.  we  present  plots  of  current  flow 
versus  time  for  waveguides  fabricated  with  an  applied  field 
of  20  V/mm  and  silver  thicknesses  of  0.4  and  1.0  /mi.  In 
both  plots,  the  current  initially  rises  slowly  for  the  first  5 
7  min  of  diffusion  as  the  AgNO,  powder  begins  to  melt, 
making  electrical  contact  with  the  hack  surface  ot  the 
glass.  As  the  sample  warms  (we  estimate  that  it  lakes  ap¬ 
proximately  20  nun  for  the  sample  to  reach  equilibrium 
from  the  time  the  AgNO,  powder  melts  and  current  flow 
begins),  the  current  flow  increases  rapidlv  due  to  the  fact 
that  the  mobilities  of  the  silver  and  sodium  ions  in  glass 
increase  exponentially  with  temperature.  After  a  length  of 
lime,  the  current  flow  reaches  a  maximum  value  as  the 
sample  reaches  thermal  equilibrium  (275  ’C).  The  current 
then  begins  to  decrease  and  goes  to  zero  alter  very  long 
diffusion  times.  This  *  ehavior  is  similar  to  that  reported 


116 


SAJAH  ei  al  SII.VI  R  I  ILM  DIFFUSED  CiLASS  WAVKIl 1DKS 


by  Pitt  el  al.  [5];  however,  we  do  not  believe  that  it  is 
due  to  depletion  of  sodium  from  the  anode  as  previously 
predicted  |5],  but  instead  is  due  to  depletion  of  the  silver 
dopant  source.  To  ascertain  this  fact,  we  determined  the 
total  current  tlow  through  the  glass  by  integrating  the  cur¬ 
rent  How  plots  for  the  two  samples.  The  total  current  flow 
through  the  1.0  /xm  Ag  film  sample  is  approximately  2.5 
times  the  total  current  flow  through  the  0.4  fim  sample. 
Thus,  it  appears  that  the  total  current  flow  is  directly  pro¬ 
portional  to  the  deposited  silver  film  thickness,  leading  us 
to  believe  that  the  only  factor  limiting  the  dry  diffusion 
process  is  the  finite  silver  thickness.  We  believe  that  the 
reduction  in  current  observed  in  |5|  is  not  due  to  depletion 
of  the  anode  since  the  authors  have  essentially  an  infinite 
supply  of  dopant,  but  instead  is  due  to  deterioration  of  the 
aluminum  electrode  as  has  been  reported  elsewhere  in  lit¬ 
erature  [41  j. 

We  fabricated  a  set  of  waveguides  with  1.0  /xm  of  sil¬ 
ver.  diffusion  temperature  of  275°C.  and  electric  fields 
ranging  from  0  to  20  V/mni  In  fabricating  waveguides 
using  the  silver  film  diffusion  process,  it  is  important  to 
stop  the  process  well  before  depleting  the  silver  source. 
Otherwise,  there  is  a  depletion  of  cations  from  the  wave¬ 
guide  surface  resulting  in  surface  defects  (bubbles).  For 
this  reason,  we  stopped  the  diffusion  process  30  min  after 
the  current  had  reached  its  maximum  (steady-state)  value. 

In  Fig.  3.  we  present  the  current  flow  plots  for  the  var¬ 
ious  samples.  The  magnitude  and  shape  of  the  current  flow 
plots  is  determined  by  the  applied  electric  field  and  the 
thickness  of  the  silver  film.  For  a  given  applied  electric 
field,  it  is  possible  for  the  system  to  reach  a  quasi-steady 
state  provided  there  is  sufficient  silver  dopant  on  the  sur¬ 
face  of  the  sample.  In  this  case,  the  current  flow  increases 
rapidly  until  it  saturates  at  a  steady-state  value.  From  ex¬ 
amining  Fig.  3.  it  appears  that  1.0  /xin  of  silver  is  suffi¬ 
cient  for  the  1 .  2.  5,  7.5.  and  15  V/rnm  samples  to  icach 
steady  state.  On  the  other  hand,  since  the  current  flow 
begins  to  decrease  almost  immediately  after  reaching  its 
peak  value  (Fig.  2),  it  appears  that  1.0  /zm  of  silver  is  not 
sufficient  for  the  20  V/mm  sample  to  reach  steady  state. 
For  this  reason,  we  diffused  an  additional  sample  using 
an  applied  ueid  of  20  V/mm  and  a  1 .5  micron  thick  silver 
film. 

We  should  slate  that  the  current  flow  never  reaches  a 
true  steady  state  as  described  above  but  instead  decreases 
slightly  with  time.  (See  Fig.  3.)  This  effect  can  be  attrib¬ 
uted  to  the  fact  that  the  silver  ions  have  a  lower  mobility 
in  glass  than  the  constituent  sodium  ions  (the  ionic  radii 
of  Ag  and  N'a '  are  1.26  and  0.97  A.  respectively  |6]). 
Thus,  as  more  of  the  silver  ions  diffuse  into  the  glass,  the 
overall  conductivity  of  the  sample  decreases  slightly,  re¬ 
sulting  in  a  small  decrease  in  current  flow.  This  phenom¬ 
enon  should  not  be  confused  with  the  sharp  decrease  m 
current  flow  due  to  depletion  of  the  silver  dopant. 

In  Fig.  4.  we  plot  maximum  (steady-state)  current  flow 
versus  the  applied  electric  field  for  the  above  mentioned 
samples.  Note  that  there  is  essentially  a  linear  relationship 
between  these  two  parameters  provided  there  is  sufficient 


Fig.  3.  Currem  flow  versus  time  for  samples  fabricated  at  275°C  with  var¬ 
ious  applied  fields.  A  l  .0  ^m  silver  nlm  is  used  for  the  1.2.5.  7.5.  and 
15  V«mm  samples  while  a  1 .5  film  is  used  for  the  20  V/mm  sample. 


Applied  voltage  (vo<ts) 

Fig  4  Maximum  (steads  state)  current  versus  applied  voltage  tor  the 
samples  depicted  in  Fig.  3. 

silver  dopant  for  the  sample  to  reach  steady  state.  This  is 
demonstrated  by  the  fact  that  the  1.5  /xrn-20  V/mm  data 
point  lies  on  the  /-V  curve  (Fig.  4)  whereas  the  1.0  /un- 
20  V/mm  data  point  lies  well  below  this  curve  due  to  de¬ 
pletion  of  silver  prior  to  reaching  steady  state.  In  addi¬ 
tion.  it  appears  that  the  chemical  potential  between  the 
silver  film  and  the  glass  substrate  at  this  temperature 
(275°C)  is  extremely  small  since  the  1  V  data  point  lies 
on  the  applied  field-current  flow  line. 

In  order  -to  better  understand  the  physical  phenomena 
influencing  the  current  flow  plots  depicted  in  Figs.  2  and 
3,  we  performed  the  following  experiment.  Initially,  we 
placed  the  glass  sample  in  the  ditfusion  tube  and  let  it 
reach  thermal  equilibrium  (approximately  30  min  after  the 
AgNO,  melts)  We  then  applied  15  V  mm  across  the  sam¬ 
ple  and  observed  that  the  current  flow  increased  immedi¬ 
ately  to  its  steady-state  value.  This  indicates  that  the  rise 
in  current  in  our  previous  samples  (Figs,  2  and  3)  is  due 
to  thermal  effects.  Since  the  resistivity  of  the  molten 
AgNO,  back  electrode  actually  increases  with  tempera¬ 
ture  (see  Fig.  5).  ii  is  obvious  that  the  second  stage  in¬ 
crease  in  current,  which  occurs  alter  the  initial  5-7  nun 
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Fig.  5.  Resistivity  of  molten  silver  nitrate  as  a  function  of  bath  tempera¬ 
ture. 

related  to  the  melting  of  AgNOj,  is  not  just  due  to  thermal 
effects  at  the  back  electrode:  instead,  it  must  be  due  to  a 
combination  of  thermal  effects  at  the  silver-glass  inter¬ 
face.  within  the  bulk  glass,  and  at  the  molten  back  elec¬ 
trode.  Although  it  is  difficult  to  experimentally  determine 
which  of  these  effects  more  strongly  influences  current 
flow,  we  suspect  that  the  sudden  change  in  rate  of  current 
flow  (5-8  min  after  melting  of  the  AgNO,)  is  due  to  the 
fact  that  the  mobilities  of  the  silver  and  sodium  ions  in 
the  bulk  glass  increase  exponentially  with  temperature  and 
can  overcome  significantly  the  other  two  thermal  effects. 
We  have  noticed  similar  behavior  in  ion-exchange  where 
a  4  or  5°C  change  in  bath  temperature  causes  as  much  as 
a  25  percent  change  in  current  flow. 

III.  SEM  Analysis 

In  order  to  investigate  the  effect  of  silver  thickness  and 
applied  electric  field  on  An  and  diffusion  depth,  we  epox- 
ied  several  waveguides  together,  polished  them,  and  then 
analyzed  them  using  the  scanning  electron  microscope 
(SEM)  (7],  Our  analysis  indicates  that  the  thickness  of  the 
silver  dopant  layer  does  not  significantly  affect  the  maxi¬ 
mum  index  change  in  the  waveguide,  however.  An  does 
vary  strongly  with  applied  field.  To  determine  the  mag¬ 
nitude  of  An  as  a  function  of  the  applied  field,  we  com¬ 
pared  the  silver-diffused  samples  to  an  Ag^-Na^  ex¬ 
changed  sample  fabricated  at  330°C  in  a  NaNO,  bath  with 
an  As*  concentration  of  2  x  10-4  MF  (See  Fig.  6).  The 
Ag‘-Naf  exchanged  guide  presented  on  the  left-hand- 
side  of  Fig.  7  has  an  index  change  of  0.005  [2c|.  Thus, 
assuming  that  An  vanes  linearly  with  Ag^  concentration, 
the  silver-diffused  sample  (right-hand  side  of  Fig.  6) 
which  was  fabricated  with  an  applied  field  of  1  V/mm  has 
a  maximum  index  change  of  0.021.  In  a  similar  fashion, 
we  determined  An  for  other  values  of  applied  field.  These 
values  of  An  along  w  ith  the  diffusion  depths  arc  plotted 
in  Fig.  7  as  a  function  of  applied  field. 

As  indicated  in  Fig.  7,  the  maximum  index  change  we 
obtained  using  the  dry  diffusion  method  is  approximately 
0.075.  This  value  is  in  close  agreement  with  the  values 
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Fig.  6.  SEM  photograph  used  to  determine  An  in  the  silver-diffused  guide 
The  sample  on  the  left  was  fabricated  using  Ag*  -exchange  with  an  Ae* 
concentration  of  2  x  I0~4  MF  and  bath  temperature  of  330°C.  The  sam¬ 
ple  on  the  right  was  fabricated  using  silver-diffusion  with  an  applied  held 
of  l  V/mm  and  an  oven  temperature  of  275°C. 
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Fig.  7.  Variation  of  Art  and  diffusion  depth  (measured  at  I  V  point)  with 
applied  held. 

of  An  presented  in  [3]  and  [5]  but  differs  from  that  pre¬ 
sented  in  [4],  One  reason  for  this  discrepancy  may  be  due 
to  the  fact  that  different  brands  of  soda-lime-glass,  pos¬ 
sibly  with  different  percentages  of  compositional  constit¬ 
uents  (Na,  Ca.  and  K),  are  being  used  by  each  of  the 
groups.  We  have  recently  observed  [8]  that  the  maximum 
index  change  of  a  waveguide  obtained  using  one  brand  of 
soda-lime-glass  may  be  several  times  smaller  or  larger 
than  the  An  value  obtained  using  another  brand  of  soda- 
limc-glass  under  the  same  fabrication  conditions.  Another 
possible  reason  for  the  discrepancy  may  be  that  Findakly 
ct  al.  [4]  has  used  relatively  thin  silver  films  and  long 
diffusion  times,  thus  resulting  in  lower  An  due  to  deple¬ 
tion  of  the  silver  dopant. 

It  is  interesting  to  note  the  strong  variation  of  An  with 
applied  tield.  This  behavior  can  be  explained  by  realizing 
that  the  silver  ions  in  the  tilm  have  a  certain  energy  dis¬ 
tribution  which  depends  essentially  on  applied  field  and 
temperature.  The  only  ions  which  leave  the  film  and  enter 
the  glass  are  those  which  have  energy  larger  than  the 
chemical  potential  which  exists  between  the  silver  film 
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TABLE  I 

Effective  Mode  Indexes  of  Ag* -Diffused  and  Ag'-Na '  Exchanged 
Glass  Waveguides.  Silver  Diffused  Waveguides  Are  Those 
Represented  in  Fig.  3.  Silver  Exchange  Data  is  From 
(2a,  Table  I).  Retractive  Index  of  Substrate  is 
1.512  at  0.6338  «m. 


Silver  Diffused  Waveguides 

Silver  Exchanged  Waveguides 
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and  the  glass  surface.  As  long  as  the  silver  film  is  not 
depleted  during  the  diffusion  process,  the  index  change 
(An)  is  determined  strictly  by  the  number  of  ions  which 
enter  the  glass  per  unit  time.  This  number  obviously  in¬ 
creases  with  both  the  applied  field  and  temperature.  This 
effect  has  not  been  noticed  in  Ag*-Na*  exchanged  guides 
where  to  the  first-order.  An  is  determined  entirely  by  the 
silver  ion  concentration  (Ca)  in  the  salt  bath  (2).  Because 
of  the  strong  variation  of  An  w  ith  E.  it  should  be  possible 
to  use  the  silver-diffusion  technique  to  make  novel  wave¬ 
guide  structures.  As  expected,  for  relatively  large  fields 
and  a  constant  diffusion  time  (30  min),  the  diffusion  depth 
varies  linearly  with  applied  field. 

As  indicated  in  Fig.  7,  the  deepest  waveguides  that  we 
have  fabricated  are  6  ^m.  However,  as  mentioned  earlier, 
it  appears  that  there  is  no  fundamental  limitation  on  the 
amount  of  silver  which  can  be  introduced  into  the  glass 
using  the  silver  film  diffusion  method.  Thus,  a  50  f<m  deep 
waveguide,  compatible  with  multimode  fibers,  can  be 
fabricated  by  simply  increasing  the  silver  film  thickness 
and  diffusing  for  4  h  rather  than  30  min. 

IV.  Optic  al  Characterization 

We  initially  used  a  HeNe  laser  and  the  prism  coupling 
method  to  characterize  silver-diffused  waveguides  fabri¬ 
cated  at  275  °C  with  no  applied  field.  Even  after  several 
hours  of  diffusion,  the  structure  supports  only  a  single 
guided  mode.  This  result  is  in  agreement  with  that  of  |4| 
but  again  is  in  contrast  to  the  results  presented  in  (3|.  We 


suspect  that  this  temperature  is  too  low  to  transport  many 
of  the  silver  tons  from  the  silver  film  into  the  surface  of 
the  glass  without  an  applied  field.  Therefore,  there  is  only 
a  very  small  Ag  '  concentration  (small  An)  inside  the  glass 
surface  and  a  very  limited  diffusion  unless  an  electric  field 
is  applied  across  the  sample. 

We  used  the  prism  coupling  technique  to  determine  the 
number  of  TE  modes  and  the  effective  indexes  of  the 
modes  at  the  HeNe  wavelength  for  waveguides  fabri¬ 
cated  with  applied  fields  ranging  from  1  to  15  V/mra. 
Using  the  silver-diffusion  technique,  it  is  possible  to  fab¬ 
ricate  highly  multimode  waveguides  using  relatively  small 
fields  and  short  diffusion  times.  This  is  demonstrated  by 
the  fact  that  a  15  V/mm  sample  diffused  for  30  min  sup¬ 
ports  10  guided  modes. 

The  number  of  guided  TE  modes  along  with  the  effec¬ 
tive  mode  indexes  for  waveguides  fabricated  with  applied 
fields  less  than  15  V  mm  are  presented  in  Table  1  and 
compared  to  Ag~-Na‘  exchanged  waveguide  results.  As 
indicated  in  this  table,  it  is  possible  to  fabricate  single 
mode  waveguides  using  the  Ag* -diffused  technique  pro¬ 
vided  the  applied  electric  field  is  relatively  small  (1  V/ 
mm)  and  the  diffusion  time  is  short  (30  min).  Also,  we 
note  dial  the  difference  in  the  effective  indexes  of  the  fun¬ 
damental  and  the  fifth  order  modes  tortile  7.5  V/mm  sam¬ 
ple  is  0.057.  This  value  is  in  close  agreement  with  the 
predicted  An  value  of  0.061  obtained  using  the  scanning 
electron  microscope. 

It  is  important  to  note  that  no  yellow  coloring  of  the 
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glass  waveguides  was  observed,  even  in  the  samples  with 
large  An.  In  addition,  loss  measurements  using  the  three 
prism  technique  yielded  average  loss  values  of  0.5  dB/cm 
for  multimode  guides  and  1.0  dB/cm  for  single-mode 
guides  fabricated  on  Fisher  brand  substrates.  We  did  not 
expect  this  result  since  highly  multimode  (large  An) 
waveguides  previously  fabricated  in  our  laboratory  using 
the  ion-exchange  technique  with  the  same  brand  of  glass 
substrate  tended  to  be  highly  colored  due  to  reduction  of 
silver  ions.  We  suspect  that  the  silver-diffused  multimode 
waveguides  do  not  exhibit  this  coloration  since  the  diffu¬ 
sion  is  performed  at  a  considerably  lower  temperature 
(275°C)  than  has  previously  been  used.  (Typical  temper¬ 
atures  for  Ag~-Na*  exchange  are  330°C  or  higher.) 

V.  Conclusions 

We  fabricated  a  series  of  planar  glass  waveguides  using 
the  Ag*  film-diffusion  technique  in  an  effort  to  better  un¬ 
derstand  the  diffusion  process  and  to  determine  the  effect 
of  the  process  parameters  (diffusion  time,  silver  thick¬ 
ness.  and  electric  field)  on  the  waveguide  parameters 
(number  of  guided  modes,  effective  mode  index,  and 
maximum  index  change).  It  appears  that  low  loss,  high 
An  waveguides  can  be  easily  fabricated  using  this  tech¬ 
nique  provided  the  deposited  Iver  film  is  sufficiently 
thick  and  the  diffusion  temp  s  low  (275°C  or  less). 

Single-mode  waveguide  ter  Brand  subs  ltes 

exhibit  losses  on  the  or  t  1  or  n,  which  is  compa¬ 
rable  to  the  loss  values  obtained  wi  ion-exchange  tech¬ 
niques  using  similar  substrates.  The  multimode  guides 
provide  losses  better  than  0.5  dB/cm  and  are  comparable 
to  those  of  Findakly  and  Garmire  [4],  We  expect  both  the 
single-mode  and  multimode  guides  to  exhibit  substan¬ 
tially  lower  losses  if  a  better  substrate  with  minimal  tran¬ 
sition  metal  impurities  is  used  and  the  guiding  layers  are 
buried. 

In  addition,  we  demonstrated  that  the  maximum  index 
change  (An)  obtained  using  this  technique  is  strongly  de¬ 
pendent  on  the  applied  field.  Therefore,  we  believe  that 
the  silver  film-diffusion  technique  will  be  extremely  use¬ 
ful  for  fabricating  highly  multimode  waveguide  devices 
as  well  as  other  novel  waveguide  structures.  The  tech¬ 
nique  should  be  especially  attractive  for  mass  production 
due  to  its  simplicity,  low  risk  of  contamination,  and  re¬ 
duced  raw  material  consumption. 
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We  report  a  novel  electrolytic  process  that  is  used  to  fabricate  reproducible,  low  loss,  single  mode 
waveguides.  By  precisely  controlling  the  current  pumped  through  high  purity  Ag  and  Pt 
electrodes  in  molten  NaNO,,  as  well  as  its  duration,  a  high  degree  of  accuracy  over  the  release  and 
hence  the  control  of  Ag^  concentration  is  achieved.  The  inherent  capability  of  the  process  to 
generate  very  low  level  of  silver  ion  concentration  with  high  precision  implies  much  higher  time  of 
diffusion,  thus  removing  the  time  criticality  factor  faced  by  the  existing  processes  while 
fabricating  single  mode  waveguides. 


The  need  for  optical  components  using  ion-exchanged 
glass  waveguides  has  continued  to  remain  strong  primarily 
because  of  their  compatibility  with  optical  fibers,  cost  effec¬ 
tiveness,  and  potential  for  integration.  Since  there  is  no  need 
to  modulate  any  information  at  the  receiving  end  of  an  opti¬ 
cal  communication  system,  passive  components  on  glass 
substrates  would  be  an  ideal  choice.  These  devices,  on  the 
other  hand,  cannot  be  tuned  electro-optically  and  hence 
need  to  be  fabricated  to  strict  specification  with  assured  re¬ 
peatability.  This  in  turn  demands  good  process  control. 

We  report  a  novel  technique  to  fabricate  reproducible 
single  mode  waveguides  by  accurate  control  of  Ag  *  concen¬ 
tration.  Ion  exchange  is  a  well-known  technique  for  fabricat¬ 
ing  optical  components  in  glasses.  Both  thallium'  and  sil¬ 
ver*-4  ions  are  used  to  create  high  index  surface  layers  on 
glass  substrates.  The  existing  processes  take  either  pure 
AgNo,  or  a  mixture  of  AgNO,  and  NaNO,  (silver  nitrate 
about  10%  by  weightl  for  carrying  out  diffusion,  resulting  in 
multimode  waveguides.  With  such  high  concentration  of  sil¬ 
ver  ions,  their  reduction  to  metallic  state  is  highly  likely 
causing  excessive  absorption  and  scattering  losses.  The  time 
of  diffusion  to  produce  a  single  mode  waveguide  is  about  2-3 
min.  This  makes  the  timing  very  critical,  thus  making  the 
reproducibility  a  serious  problem,  A  single  mode  waveguide 
fabricated  under  such  conditions  is  usually  shallow  and 
hence  couples  poorly  to  an  optical  fiber  which  can  be 
thought  of  as  a  buried  structure  of  a  reasonably  large  cross- 
sectional  dimension  (8-10//m). 

The  proposed  process5  overcomes  the  existing  prob¬ 
lems  by  generating  very  small  concentration  of  silver  ions 
precisely.  The  idea  is  based  on  the  well-known  Faraday’s  law 
of  electrolysis; 

When  96500  coulombs  of  charge  are  passed  through  a 
metallic  electrode,  1  g  equivalent  of  the  metal  is  released  into 
the  solution  as  metal  ions. 

Thus,  generation  of  silver  ions  can  be  accomplished  by 
using  a  metallic  silver  electrode  rather  than  a  salt  mixture  of 
AgNO,  and  NaNO,.  Furthermore,  melt  impurities  can  be 
kept  minimal  as  ultrapure  (99.999%)  silver  rods  are  com¬ 
mercially  available.  The  process  of  releasing  silver  ions  can 
now  be  electronically  controlled  through  the  realization  of 
an  accurate,  variable  current  source  using  off-the-shelf  oper¬ 
ational  amplifiers.  In  addition,  the  Ag 4  concentration  in  the 


bath  can  be  changed  with  time  so  that  the  diffusion  can  be 
carried  out  with  a  variety  of  boundary  conditions,  thus  pro¬ 
viding  a  larger  control  of  the  refractive  index  profile. 

The  process  as  shown  in  Fig.  1  is  described  briefly  as 
follows.  The  setup  consists  of  a  salt  bath  heated  by  a  band 
heater  coiled  around  it.  The  temperature  of  the  bath  is  sensed 
by  a  thermocouple  and  controlled  with  a  closed-loop  con¬ 
troller  to  an  accuracy  of  ±  0.5  “C.  Initially  400  g  of  pure 
sodium  nitrate  ( A.C.S.  grade,  Fisher)  are  weighed  and  heat¬ 
ed  to  330  °C.  Then  a  pure  silver  rod  and  a  platinum  reference 
electrode  are  introduced  into  the  salt  bath  and  0.2  g  of  silver 
is  released  into  the  molten  salt  as  ions  by  electrolysis.  Then 
precleaned  soda-lime-sihcate  glass  slides  are  placed  in  the 
bath  and  the  diffusion  is  carried  for  periods  ranging  from  20 
to  1 20  min.  The  slides  are  then  taken  out  of  the  bath,  cooled 
for  about  5  min  and  the  residual  salt  is  rinsed  off  with  warm 
water. 

The  prism  coupling  technique  is  used  to  measure  the 
mode  indices.  Table  I  shows  the  propagation  characteristics 
of  the  various  waveguides.  It  is  seen  that  the  first  four  wave¬ 
guides  are  single  mode.  An  iterative  program  is  written  to 
estimate  the  maximum  refractive  index  change  ( An )  from  the 
measured  values  of  the  mode  indices.  For  this  set  of  wave¬ 
guides,  An  is  found  to  be  0.005.  Preliminary  results  indicate 
that  it  is  possible  to  find  relations  between  process  param¬ 
eters  and  the  mode  index  so  that  single  mode  waveguides 
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TABLE  I.  Diffusion  times  and  mode  indices  for  TE  modes.  Substrate  re¬ 
fractive  index  —  1.512  at  0.6328/*m 


Time  of  diffusion 

(mini 

No.  of  modes 

Mode  order 

Mode  index 

20 

i 

0 

1  51245 

40 

l 

0 

1  51301 

60 

i 

0 

1.51337 

80 

i 

0 

1  51357 

100 

2 

0 

1 

I  51407 
1.51232 

120 

2 

0 

1 

I  51425 
1.51245 

with  known  propagation  constants  can  be  fabricated.  The 
waveguides  show  no  signs  of  yellow  stain  due  to  silver  ion 
reduction.  To  measure  the  loss,  initially  an  output  prism  was 
used  to  tap  off  the  transmitted  power.  To  have  a  reliable  loss 
measurement,  however,  it  t  -emed  necessary  to  take  care  not 
to  disturb  the  input  coupling  and  not  to  spoil  the  guide  sur¬ 
face  at  the  contact  point.  These  conditions  seemed  rather 
restrictive  and  hence  an  improved  three-prism  loss  measure¬ 
ment  technique6  was  used. 

It  is  reported7  that  waveguides  fabricated  on  optical 
quality  glass  sometimes  have  much  higher  losses  due  to  the 
presence  of  reducing  agents  in  the  substrate  material.  To 
select  the  best  material,  microscope  slides  from  various  glass 
manufacturers,  viz.,  Labmate  |Fisher|,  Coming,  Scientific 
Glass  Apparatus,  and  Schott  were  used  as  substrates.  The 
lowest  losses  are  exhibited  by  Labmate  and  Schott  as  shown 
in  Fig.  2.  The  least  square  error  fit  to  the  measured  points 
gives  a  loss  of  1 .0  dB/cm  for  Labmate  and  0.2  dB/cm  for  the 
Schott  glass.  The  losses  are  measured  at  0.6328  n m.  Oper¬ 
ation  in  the  infrared  at  1.3/itn  will  further  reduce  the  losses. 

The  process  thus  looks  promising  for  making  low  loss, 
single  mode  components.  It  also  lends  itself  to  computerized 
automation.  Since  the  silver  ion  generation  and  temperature 
can  bt  adjusted  electronically,  an  on-line  computer  can  be 
used  to  supervise  the  process  operation.  The  parameters 


FIG  2.  Loss  measurement  at  0.6328  fim 


which  are  set  manually  now,  can  then  be  entered  in  the  oper¬ 
ating  software  of  a  microcomputer  which  will  execute  the 
programmed  sequence  of  operations  to  control  the  diffusion 
process.  Efforts  are  under  way  to  measure  the  concentration 
of  silver  ions  in  situ  and  to  study  the  electrochemical  aspects 
of  the  process. 

The  possibilities  of  applying  a  drift  electric  field  to  en¬ 
hance  the  diffusion  and  burying  the  waveguides  are  also  un¬ 
der  investigation. 
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We  report  a  novel  electrolytic  process  that  is  used  to  fabricate  reproducible,  low 


loss,  single  mode  glass  waveguides. 
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Growing  interest  in  single  mode  fiber  optic  communication  system  because  of  its 
high  bandwidth  and  hence  the  large  mfoi  .nation  carrying  capacity,  as  well  as  the 
prospect  of  making  efficient,  inexpensive  optical  components  have  continued  to  stimu¬ 
late  activity  in  Integrated  Optics.  For  the  most  part,  integrated  optical  devices  such 
as  high  speed  switches  [l],  interferometers  [2,3],  fast  A/D  converters  [4,5]  and  etc 
have  been  fabricated  using  Ti  diffused  LiNbtA  guides.  However,  since  LiNb03  is  an 
electro-optic  material,  electro-optic  tuning  has  been  extremely  useful  in  meeting  the 
design  criteria. 

The  need  for  optical  components  using  glass  waveguides  has  continued  to  remain 
strong  primarily  because  of  their  compatibility  with  optical  fibers  and  their  cost 
effectiveness.  Such  devices  fabricated  using  glass  waveguides  arc  expected  to  find 
applications  at  the  receiving  end  of  an  optical  communication  system.  However,  these 
'passive1  co  nponents  on  glass  substrates  cannot  be  tuned  elect  ro-oplically  to  com¬ 
pensate  for  fabrication  errors  and  hence  need  to  be  fabricated  to  strict  specification 
with  assured  repeatability.  This  in  turn  demands  good  process  control. 

Ion-exchange  lias  been  most  extensively  used  for  fabricating  optical  waveguides  on 
glass  substrates.  Both  thallium  [ o ]  and  silver  [7-9)  ions  have  been  used  to  exchange 
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sodium  ions  in  glass  thus  fornin;  '  i.;h  'iidex  surface  guiding  layers  on  glass  sub¬ 
strates.  The  existing  process-  involves  the  use  of  either  pure  Ag\ 0:>  or  a  mixture  of 
AgNC?3  and  XaX 03  (usually,  silver  nitrate  10%  by  weight)  for  carrying  out  the  diffusion 
and  the  resulting  guides  are  usually  multimode.  Moreover  with  such  high  concentra¬ 
tion  of  silver  ions,  reduction  to  metallic  state  is  highly  likely  causing  excessive  absorp¬ 
tion  as  well  as  scattering  loss.  The  time  of  diffusion  to  produce  single  mode  guide  with 
such  heavy  concentration  of  silver  ions  is  about  two  to  three  minutes.  This  makes  tim¬ 
ing  very  critical,  thus  making  the  reproducibilty  a  serious  problem.  A  single  mode 
waveguide  fabricated  under  such  conditions  is  usually  shallow  and  therefore,  couples 
poorly  to  an  optical  fiber  which  can  be  thought  of  as  a  buried  structure  of  a  relatively 
large  cross  section  (3  -  10  /im). 

We  propose  and  present  results  of  a  novo!  proi-^ss  {  1  0 1  that,  overcomes  the  existing 
problems  by  generating  precisely  very  small  concentration  silver  ions.  Generation  of 
silver  ions  is  accomplished  by  using  a  silver  elet  rode  as  anode  and  «  platinum  elec¬ 
trode  as  cathode  rather  than  a.  salt  mixture  of  Ag\ ()■_>  and  \a\0:;.  When  a  known 
amount  of  current  is  passed  for  known  firm:  throu*:.  flu.  electrodes  dipped  in  molten 
sodium  nitrate  [Fig.  1],  the  half-reaction  at  '.he-  anode  accounts  for  the  oxidation  of 
silver  and  hence  the  release  of  precise  quantity  of  \j  '  ions.  Melt  impurities  are  kept 
minimal  by  using  ultra  pure  (99.999:7)  silver  rods,  in  atimuon,  in  this  process,  release 
of  silver  ions  is  electronically  contro:, ad  thr  ugh  the  i\:...i/at  ion  of  ..n  accurate,  vari¬ 
able  current  source  using  off  tho  she::  operational  unph;;  rs.  More  ovr,  the  silver  ion 
concentration  in  the  bath  can  be  changed  v. tilt  tune  so  ‘.hat  diffusion  can  be  carried 
out  using  a  variety  of  boundary  conditions,  ;uus  providing  i  xcelu  ::t  control  over  the 
refractive  index  profile. 

The  set-up  consists  of  a  salt  bath  heated  by  a  band  heater  coded  around  it.  The 
temperature  of  t  he  bath  i-  -d  by  «  th  rmncoupl”  :ml  coni  rolled  with  a  closed- 

loop  controller  to  an  accuracy  of  —  i\YJC.  Initially  100  grams  of  pure  sodium  nitrate( 
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A.C.S.  grade.  Fisher)  are  weighed  and  heated  to  330° C.  Then  a  pure  silver  rod  and  a 
platinum  reference  electrode  is  introduced  into  the  salt  bath  and  0.2  grams  of  silver  is 
released  into  the  molten  salt  as  ions  by  electrolysis.  Then  pre-cleaned  soda-lime- 
silicate  glass  slides  are  placed  in  the  bath  and  the  diffusion  is  carried  for  periods 
ranging  from  20  to  120  minutes.  The  slides  are  then  taken  out  of  the  bath,  cooled  for 
about  5  minutes  and  the  residual  salt  is  rinsed  off  with  warm  water. 

The  prism  coupling  technique  is  used  to  measure  the  mode  indices.  Table  1  shows 
the  propagation  characteristics  of  the  various  waveguides.  It  is  seen  that  the  first  four 
waveguides  are  single  mode.  An  iterative  program  is  written  to  estimate  the  maximum 
refractive  index  change  (An)  from  the  measured  values  of  the  mode  indices.  For  this 
set  of  waveguides,  An  is  found  to  be  0.005.  Priiiminary  results  indicate  that  it  is  possi¬ 
ble  to  find  relations  between  process  parameters  and  the  mode  index  so  that  single 
mode  waveguides  with  known  propagation  constants  can  be  fabricated.  The 
waveguides  show  no  signs  of  yellow  stain  due  to  silver  ion  reduction.  To  measure  the 
less,  initially  an  output  prism  was  used  to  tap  off  the  transmitted  power.  To  have  a  reli¬ 
able  loss  measurement,  however,  it  seemed  necessary  to  take  care  not  to  disturb  the 
input,  coupling  and  not.  to  spoil  the  guide  surface  at  the:  contact,  point..  These  condi¬ 
tions  seemed  rather  restrictive  and  hence  an  improved  tnrec  prism  ioss  measurement 
technique  [11]  was  used. 

It  is  reported  [12]  that  waveguides  fabricated  on  optic. ;l  quality  glass  sometimes 
have  much  higher  losses  due  to  t  tie  presence  of  reducing  agents  in  the  substrate 
material.  To  select  the  best  material,  microscope  slides  from  various  glass  manufac¬ 
turers,  viz.  Labmate(  Fisher),  Corning,  hcientiiic  Glass  Apporai  u<  and  Schott  were  used 
as  substrates.  Trie  lowest  losses  are  exhibited  by  haemal  e  am)  ‘•S  nott.  as  shown  in 
figure  2.  The  least  square  error  fit  to  the  measured  points  gives:  a  ioss  of  1.0  dB/cm. 
for  l.ahm.jt.e  and  0.2  iFiF  cm.  for  the  Schott  glass,  "ho  losses  are  measured  at 
O.C>32Bjum.  Operation  in  the  infrared  at  1.3/iin  will  further  reduce  Uu:  losses. 


126 


The  process  thus  looks  promising  for  making  low  loss  single  mode  components.  It 
also  lends  itself  to  computerized  automation.  Since  the  silver  ion  generation  and  tem¬ 
perature  can  be  adjusted  electronically,  an  on-line  computer  can  be  used  to  supervise 
the  process  operation.  The  parameters  which  are  set  manually  now,  can  then  be 
entered  in  the  operating  software  of  a  microcomputer  which  will  execute  the  pro¬ 
grammed  sequence  of  operations  to  control  the  diffusion  process.  Efforts  are  under¬ 
way  to  measure  the  concentration  of  silver  ions  in  situ  and  to  study  the  electrochemi¬ 
cal  aspects  of  the  process. 

The  possibilities  of  applying  a  drift  electric  field  to  enhance  the  diffusion  and  bury¬ 
ing  the  waveguides  are  also  under  investigation. 
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TABLE- I 


Substrate  refractive  index  =  1.512  at  0.6525  ^>m 


Time  of  diffusion 

No.  of  modes 

Mode  order 

Mode  index 

(minutes) 

20 

1 

0 

1.512452 

40 

1 

0 

1 .513014 

60 

1 

0 

1  .513365 

30 

; 

0 

1.51 3565 

100 

J 

1.3143/1 

1 

1.512327 

120 

u 

0 

1.51 4250 

1 

1 .312452 
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Fabrication  of  ion-exchanged  glass  waveguides  through  electrolytic  release  of  silver  ions 
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Abstract 

We  describe  the  fr.,  tication  of  low  loss  (-  0.2  dB)  Ag+-Na+  exchanged  glass  optical 
waveguides  using  the  notel  electrolytic  release  technique.  Development  of  a  concentration 
cell  that  can  be  used  to  measure  the  Ag+  ionic  concentration  in  situ  provides  opportuniitcs 
for  on-line  concentration  control.  Since  the  silver  ion  generation  and  control  as  well  as 
the  temperature  can  be  adjusted  electronically,  the  process  may  be  computer  controlled. 


Introduction 


Glass  waveguides  have  formed  the  basis  for  the  development  of  passive  integrated  optical 
components,  e.g.,  star  and  access  couplers,  channel  dropping  filters  at  the  receiving  end  of 
an  optical  communication  system,  and  in  certain  specific  applications  wavefront  sensors  and 
interferometric  couplers,  because  of  their  low  optical  propagation  loss,  compatibility  with 
optical  fibers  (both  single  and  multimode),  immunity  to  optical  damage,  and  potential  cost- 
effectiveness  under  mass  production. 


The  ion-exchange  technique  is  becoming  increasingly  popular  for  faoricat 
waveguides.  The  technique  involves  the  exchange  of  monovalent  ions  of  large  ^ 
polarizability  such  as  potassium  K*,1-3  rubidium  Rb  ,  cesium  Cs  , 14  silver  Ag 
thallium  Tl+,u,12  with  an  ion  of  smaller  polarizability  such  as  sodium  tla  which 
a  component  of  the  glass  matrix  of  soda-lime  silicate  (or  boros i licate )  glass. 


ing  glass 
electronic 

V.5-10  or 

usually  is 


The  existing  processes  take  either  pure  AgNO^  or  a  mixture  of  AgNO^  and  NaNO^  (silver 
nitrate  about  101  by  weight)  for  carrying  out  diffusion,  resulting  in  multimode  waveguides. 
With  such  high  concentration  of  silver  ions,  their  reduction  to  metallic  state  is  hiahly 
likely  causing  excessive  absorption  and  scattering  losses.  The  time  of  diffusion  to  produce 
a  single  mode  waveguide  is  about  2-3  min.  This  makes  the  timing  very  critical,  thus  making 
the  reproducibility  a  serious  problem.  A  single  mode  waveguide  fabricated  under  such 
conditions  is  usually  shallow  and  hence  couples  poorly  to  an  optical  fiber  whic.n  can  be 
thought  of  as  buried  structure  of  a  reasonably  large  cross-sectional  dimension  (8-10  urn). 


Novel  Electrolytic  Release  Technique 

Recently,  we  reported  a  novel  technique10  capable  of  fabricating  reproducible  single  mode 
waveguides  by  accurate  control  of  Ag  +  concentration.  This  process  overcomes  the  existing 
problems  by  generating  very  small  concentration  of  silver  ions  precisely.  The  idea  is  based 
on  the  well  known  Faraday's  Law  of  Electrolysis: 

When  96500  coulombs  of  charge  are  passed  through  a  metallic  electrode,  1  g  equivalent  of 
the  metal  is  released  into  the  solution  as  metal  ions. 

Thus,  generation  of  silver  ions  can  be  accomplished  by  using  a  metallic  silver  electrode 
rather  than  a  salt  mixture  of  AgNO-j  and  NaNO^ •  Furthermore,  melt  impurities  can  be  kept 
minimal  as  ultrapure  (99.9992)  silver  rods  are  commercially  available.  The  process  of 
releasing  silver  ions  can  now  be  electronically  controlled  through  the  realization  of  an 
accurate,  variable  current  source  using  off-the-shelf  operational  amplifiers.  In  addition, 
the  Ag+  concentration  in  the  bath  can  be  changed  with  time  so  that  the  diffusion  can  be 
carried  out  with  a  variety  of  boundary  conditions,  thus  providing  large  control  of  the 
refractive  index  profile. 

The  process  as  shown  in  Fig.  1  is  described  briefly  as  follows.  The  setup  consists  of  a 
salt  bath  heated  by  a  band  heater  coiled  around  it.  The  temperature  of  the  bath  is  sensed 
by  a  thermocouple  and  controlled  with  a  closed-loop  controller  to  an  accuracy  of  *0-5’C. 
Initially  400  g  of  pure  sodium  nitrate  (A.C.S.  grade,  Fisher)  are  weighed  and  heated  to 
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330*C.  Then  a  pure  silver  rod  and  a  platinum  reference  electrode  are  introduced  into  the 
salt  bath  and  0.2  g  of  silver  is  released  into  the  molten  salt  as  ions  by  electrolysis. 
Then  precleaned  soda-lime-silicate  glass  slides  are  placed  in  the  bath  and  the  diffusion  is 
carried  for  periods  ranging  from  20  to  120  min.  The  slides  are  then  taken  out  of  the  bath, 
cooled  for  about  5  min  and  the  residual  salt  is  rinsed  off  with  warm  water. 

Mode  Indices  and  Loss  Measurements 

The  prism  coupling  technique  is  used  to  measure  the  mode  indices.  Table  1  shows  the 
propagation  characteristic  of  the  various  waveguides.  The  waveguides  show  no  signs  of 
yellow  r • ain  due  to  silver  ions  reduction.  To  measure  the  loss,  initially  an  output  prism 
was  usee  to  tap  off  the  transmitted  power.  To  have  a  reliable  loss  measurement,  however^,  it 
seemed  n  cessary  to  take  care  not  to  disturb  the  input  coupling  and  not  to  spoil  the  guide 
surface  at  the  contact  point.  These  conditions  seemed  rather  restrictive  and  hence  an 
improved  three-prism  loss  measurement  technique  was  used.  Substrates  from  various  glass 
manufacturers,  viz.,  Labmate  (Fisher),  Corning,  Scientific  Glass  Apparatus,  and  Schott  were 
used  for  fabricating  Ag+-Na+  exchanged  waveguides.  The  lowest  losses  are  exhibited  by 
Labmate  and  Schott  as  shown  in  Fig.  2.  The  least  square  error  fit  to  the  measured  points 
gives  a  loss  of  1.0  dB/cm  for  Labmate  and  0.2  dB/cm  for  the  Schott  glass.  The  losses  are 
measured  at  0.6328  urn.  Operation  in  the  infrared  at  1.3  urn  will  further  reduce  the  losses. 

Table  1.  Diffusion  times  and  mode  indices  for  TE  modes. 

Substrate  refractive  index  =  1.512  at  0.6328  um. 


Time  of  diffusion 

Number  of 

Mode 

Mode  index 

(min) 

moJes 

order 

20 

i 

0 

1.51245 

40 

i 

0 

1.51301 

60 

i 

0 

1.51337 

80 

i 

0 

1.51357 

100 

2 

0 

1.51407 

1 

1  .51232 

120 

2 

0 

1.51425 

1 

1.51245 
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Concentration  Measurement  and  Control 


One  of  the  process  parameters,  the  temperature,  can  be  easily  controlled  to  within  ±0*2  C 
using  a  feedback  control  system10  even  at  elevated  temperatures  (300-600*C).  To  maintain 
the  concentration  of  the  diffusing  ion,  first,  it  is  necessary  to  measure  its  concentration 
in  the  melt.  The  conventional  methods  to  measure  concentration,  e.g.,  mass  spectrometry, 
atomic  absorption,  emission,  and  fluorescent  spectrometry  or  nuclear  activation,  are  not 
suitable  for  application  of  feedback  control  of  the  concentration.  On-line  measurement  of 
the  concentration  is  essential  for  making  reproducible  glass  waveguides.  Furthermore,  since 
the  guides  are  fabricated  by  diffusion  at  elevated  temperatures,  it  appears  that  use  of  a 
concentration  cell  is  an  ideal  way  to  measure  the  concentration.  In  sit^u  measurement  of  the 
concentration  would  make  the  compensation  and  control  of  the  ionic  content  of  the  melt  much 
aasier  especially  if  the  ions  were  released  by  electrolytic  means10. 

We  experimented  with  different  types  of  concentration  cell  and  reported  the  results  and 
the  final  design  of  the  cell13  which  is  suitable  for  the  glass  waveguide  ion-exchange 
process  application.  Measurements  of  Ag  +  ion  concentration,  released  electrolytically,  in  a 
molten  NaNOj  bath  are  illustrated  using  the  cell. 

Commercially  available  electrodes  which  are  sensitive  for  selective  ions  unfortunately 
operate  at  relatively  low  temperatures,  typically  in  the  0-80*C  range,  and  therefore  are  not 
suitable  for  our  applications.  For  molten  salt  applications,  the  emf  generated  by  a  voltaic 
cell  can  be  used  to  measure  concentration.  In  principle,  any  spontaneous  reduction- 
oxidation  (redox)  reaction  can  be  used  to  generate  a  cell  potential  and  since  this  cell 
potential  depends  on  the  substance  that  makes  up  the  cell  and  their  concentrations,  the 
measured  voltage  may  be  used  to  represent  their  concentration  as  long  as  the  same  substances 
are  present  in  both  the  anode  and  cathode  compartments  but  at  different  concentrations. 

The  resultant  voltaic  cell  illustrated  in  Fig.  3,  which  supports  the  reactions 

anode:  Ag(s)  •*  Ag+(c,)  +  e  , 

♦  -  (1> 
cathode:  Ag  (c^)  +  e  ♦  Ag(s) 


Ag+ (c^ )  -  Ag+(c2) 

will  generate  a  potential  difference  V,  that  depends  on  the  ratio  of  the  Ag'*'  concentrations 
(C1/C2)  and  the  temperature  T.  The  Nernst  potential  difference  of  the  cell^  f3  given  by 

V  =  1.98  x  10~**T  log(c1/c2)  (2) 

If  one  of  the  concentrations,  say  c^  (reference  concentration),  is  known,  the  unknown  salt 
bath  concentration  c2  can  be  determined  by  measuring  the  cell  emf  V  with  a  high  impedance 
voltmeter . 

Although  the  above  argument  seems  reasonable,  the  electron  released  at  the  anode  when  a 
Ag  atom  disassociates  into  solution  as  an  Ag+  ion  can  move  through  the  external  circuit  to 
the  cathode  where  it  reduces  another  Ag  +  ion;  such  a  movement  in  reality  indeed  cannot 
occur.  The  reasons  this  concentration  cell  is  an  incomplete  voltaic  cell  is  because,  when  a 
Ag+  ion  is  released  into  the  solution  at  the  anode  with  a  simultaneous  reduction  at  the 
cathode,  both  of  the  half-cell  become  charged,  immediately  blocking  any  further  movement  of 
the  electron. 

Therefore,  we  need  a  means  that  would  allow  the  migration  of  the  Ag+  ions  from  the  bath 
to  the  cathode  region  in  the  bulb.  In  other  words,  we  need  to  physically  distinguish  the 
two  regions  of  different  concentrations  and  yet  simultaneously  permit  the  diffusion  of  Ag+ 
ion  to  facilitate  current  flow  and,  hence,  the  redox  reaction.  Fortunately,  in  our  case, 
the  glass  bulb  itself  acts  as  a  good  membrane.  Inman11*  has  reported  the  use  of  such  a  glass 
bulb  containing  the  reference  electrode  to  form  part  of  a  concentration  cell.  The  under¬ 
lying  idea  is  that  Pyrex  glass  at  elevated  temperatures  (330-370*C)  can  act  as  a  resistive 
ion  bridge  between  the  solutions  because  the  sodium  ions  with  a  thin  membrane  (walls  of  the 
glass  bulb)  have  rather  high  mobility  at  these  temperatures.  Since  there  are  no  pores 
present  within  the  membrane,  the  two  solutions  are  physically  isolated. 
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Glass  Bulbs  for  Reference  Electrodes 


A  Pyrex  glass  test  tube  ~6  mm  i.d.  with  -0 . 5  mm  wall  thickness  is  heated  with  a  torch  and 
blown  at  one  end  to  form  a  glass  bulb  with  a  tubular  stem.  The  glass  bulb  is  nearly 
spherical  in  shape  with  ~12  mm  in  diameter  and  -0.1  mm  wall  thickness  as  shown  in  Fig.  -*(a). 


A  reference  melt  is  produced  by  releasing  2.0  g  of  silver  from  a  high  purity  (99.9991) 
rod  into  a  melt  of  400  g  NaNO-j  by  electrolysis10;  the  reference  melt  concentration  c1 
approximately  equals  3.94  x  10'3  mole  fraction  (MF).  The  glass  bulb  is  then  filled  to  its 
neck  with  -3-4  g  of  the  reference  melt.  High  purity  silver  wires  are  also  used  as  the 
cathode  within  the  glass  bulb  as  welL  as  the  anode  immersed  in  the  bath.  The  cell  is  then 
used  to  measure  the  silver-ion  concentration  in  the  salt  bath  (Fig.  1).  The  Nernst 
potential  difference  is  measured  with  a  10  M0  input  impedance,  digital  voltmeter. 

By  electrolytically  releasing  known  quantities  of  Agv  ions  in  400  g  of  NaNO-j,  different 
known  concentration  of  Ag+  in  NaNO^  in  the  bath  are  prepared.  By  measuring  the  cell 
potential  each  time,  we  obtain  the  plot  of  cell  emf  V  vs  logtcj/cj)  as  shown  in  Fig.  5.  The 
solid  line  represents  the  theoretical  cell  potential  as  given  by  Eq.  (2).  As  expected,  both 
curves  V  vs  logfc^/cj)  exhibit  linear  behavior.  Both  the  experimental  and  theoretical  lines 
have  nearly  the  same  slope  with  the  slope  of  experimental  line  slightly  lower.  The 
temperature  gradient  in  the  bath  in  the  vertical  direction  amounts  to  almost  20'C.  The 
estimation  of  the  bath  temperature  from  the  measured  value  near  the  reference  bulb  is 
susceptable  to  an  error  of  a  few  degrees  and  may  be  responsible  for  the  difference  in  the 
3lope.  Moreover,  when  the  two  concentrations  are  equal,  we  measure  an  asymmetry  potential 
of  -14  mV  rather  than  0  as  predicted  by  Eq .  (2). 

Although  temperature  of  the  salt  bath  was  maintained  at  a  constant  set  temperature  using 
a  feedback  control  arrangment10 ,  the  temperature  of  the  reference  melt  was  considerably 
lower  (310*)  due  its  large  thermal  capacity.  In  fact,  the  temperature  of  the  bath  had  to  be 
~340*C  before  the  salt  in  the  reference  bulb  would  completely  melt  implying  a  temperature 
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difference  of  ~30*C  between  the  bath  and  reference  cell-  However,  Eq.  (2)  assumes  the  same 
temperature  for  both  the  electrodes.  Now  then,  if  c^  =  c2  =  c'  “ibb  both  reference  and  bath 
electrodes  at  different  temperatures,  namely,  and  T2.  yields  an  assymmetry  potential: 

AV  =  1.98  x  10~4  AT  log  c,  (3) 

where  AT  =  T^  -  T2  .  Since  T2  is  always  larger  than  Tj  ,  AT  is  negative.  In  our  case,  we 
have  AT  *-30'C  and  c  =  3.94  x  10-3  and  obtain  AV  =  14.28  mV  which  agrees  very  well  with  our 
measured  asymmetry  potential  when  c^  =  c2 . 

The  basic  problem  of  asymmetry  potential  and  the  temperature  restriction  primarily  due  to 
temperature  difference  between  the  electrodes  was  solved  by  using  a  small  reference  cell 
(Fig.  4(b)),  which  eliminates  the  requirement  of  large  quantities  of  NaNOj  and  a  separate 
temperature  controller.  The  cell  can  easily  be  fabricated  as  before  but  now  using  a  Pasteur 
pipette . 

The  solid  circles  in  Fig.  6  represent  the  measured  concentration  cell  potential  at  350‘C 
and  shows  excellent  agreement  with  Nernst  Eq.  (2).  Typically  <5  mV  changes  in  the  measured 
value  occur  depending  upon  the  volume  difference  of  the  salt  inside  the  reference  cell  or 
the  vertical  positioning  of  either  the  silver  wire  within  the  cell  or  the  entire  cell 
itself.  In  addition,  it  is  extremely  important  to  ensure  that  there  are  no  air  bubbles 
within  the  reference  bulb.  When  necessary  precautions  are  taken,  the  experimental  curve  is 
repeatable  when  using  the  same  cell  after  repeated  cleaning  and  filling  with  the  same 
standard  solution.  However,  it  seems  that  small  variations  in  the  absolute  value  of  the 
cell  potential  do  take  place  depending  upon  the  position  of  the  reference  bulb  in  the 
bath.  But  once  this  is  standardized,  the  measurements  are  repeatable  within  ±2  mV. 


Fig.  5.  Measured  and  calculated  Nernst  Fig.  6.  Measured  and  calculated  Nernst  poten- 

potential  for  large  reference  tial  for  small  reference  electrode 

electrode  glass  bulb  at  T  =  340°C.  glass  bulb  at  T  =  350°C. 

To  avoid  the  errors  due  to  the  sources  mentioned  above,  it  is  necessary  to  use  a  given 
calibrated  concentration  cell  for  the  measurement,  keeping  the  experimental  conditions  the 
sar,e .  In  these  conditions,  such  a  cell  can  bo  used  for  in  situ  concentration  measurement 
during  the  fabrication  of  ion-exchanged  waveguides. 
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Conclusions 


We  have  described  a  novel  electrolytic  release  technique  for  fabricating  Ag+-Na+  ion- 
exchanged  optical  waveguides  and  a  Ag  |  |Ag+(NaNOj)  j  | Aq  concentration  cell  that  can  be  used  to 
measure  concentration  of  Ag+  ions  in  a  molten  NaNOg  bath  during  fabrication  of  the  ion- 
exchanged  waveguides.  The  process  looks  promising  for  making  low  loss,  single  mode  compo¬ 
nents.  It  also  lends  itself  to  computerized  automation.  Since  the  silver  ion  generation 
and  the  temperature  can  be  controlled  electronically  during  the  fabrication  process,  an  on¬ 
line  computer  can  be  used  to  supervise  the  process  operation.  The  parameters  which  are  set 
manually  now,  can  then  be  entered  in  the  operating  software  of  a  microcomputer  which  will 
execute  the  p-  igrammed  sequence  of  operations  to  control  the  diffusion  process. 

The  possibl  ’.ities  of  applying  a  drift  electric  field  to  enhance  the  diffusion  and  burying 
the  waveguides  are  also  under  investigation. 

This  work  was  supported  in  part  by  a  grant  from  AFOSR  84-0369. 
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Abstract— In  this  paper,  an  improved  technique  for  electrolytic  re¬ 
lease  of  silver  ions  while  fabricating  Na'-Ag*  exchanged  glass  wave¬ 
guides  is  reported.  In  this  method,  a  porous  glass  shell  such  as  fritted 
Rlass  is  used  around  the  cathode  to  prevent  the  reduction  of  the  released 
silver  ions.  The  result  of  quantitative  estimation  of  silver  ion  concen¬ 
tration  using  atomic  fluorescence  spectroscopy,  and  sodium  ion  concen¬ 
tration  using  atomic  emission  spectroscopy  are  also  reported. 

I.  Introduction 

LASS  WAVEGUIDES  are  prime  candidates  for  the 
development  of  passive  integrated  optical  compo¬ 
nents  such  as  access  and  star  couplers,  wavelength  mutli- 
plexers,  demultiplexers,  interferometric  couplers,  and 
wavefront  sensors.  Passive  glass  waveguide  components 
are  attractive  because  they  are  compatible  with  optical  fi¬ 
bers  and  potentially  inexpensive.  Since  the  passive  glass 
components  cannot  be  tuned  electrooptically.  they  must  be 
fabricated  with  assured  reproducibility  within  specified 
tolerances. 

Ion-exchange  has  proven  to  be  the  most  popular  tech¬ 
nique  used  in  the  fabrication  of  glass  waveguides.  The 
process  involves  the  exchange  of  monovalent  Na*  in  the 
glass  with  another  ion  of  larger  polarizability,  e.g.,  Ag* 
[11.  T1  [2],  and  Cs*  [31 .  We  have  recently  described  a 
novel  electrolytic  release  technique  [4],  [5]  which  has  been 
used  to  tabricate  low-loss  single-mode  glass  waveguides. 
We  have  also  reported  use  of  a  thin-walled  glass  bulb  gal¬ 
vanic  concentration  cell  [6]  for  in  situ  measurement  of  Ag* 
concentration  in  the  molten  salt  bath. 

In  order  to  ensure  reproducibility  of  the  waveguide  de¬ 
vices,  it  is  necessary  to  relate  the  device  parameters  to 
process  parameters  and  then  to  control  the  process  param¬ 
eters  accurately.  By  precisely  controlling  the  current 
pumped  through  high-purity  Ag  and  Pt  electrodes,  a  high 
degree  of  accuracy  over  the  release  of  Ag+  is  achieved. 
However.  Ag*  concentration  analysis  performed  on  the 
contents  of  the  molten  salt  (Ag/NaNOO  indicates  that 
due  to  the  reduction  of  some  of  the  silver  at  the  cathode, 
the  silver  ion  concentration  is  smaller  than  that  predicted 
by  Faraday  s  Law.  Before  the  concentration  control  can 
effectively  be  implemented,  it  is  necessary  that  the  silver 
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ion  concentration  in  the  bath  exhibit  a  direct  correlatin 
with  the  current  during  release.  This  means  the  reduction 
of  silver  ions  at  the  cathode  should  be  avoided  at  all  cost. 
In  this  paper,  we  report  nn  improved  technique  using  a 
fritted  glass  shell  to  surround  the  cathode  which  avoids 
the  reduction  of  silver  ions.  The  results  of  the  analysis  in¬ 
dicate  that  the  fritted  glass  does  indeed  prevent  silver  ions 
from  reaching  the  Pt-cathode.  The  content  of  the  fritted 
glass  and  the  Pt-cathode  deposits  as  well  as  the  molten  salt 
bath  is  analyzed  using  atomic  fluorescence  spectroscopy 
(AFS)  and  atomic  emission  spectroscopy  (AES).  Possible 
reaction  mechanisms  that  explain  the  results  of  the  con¬ 
centration  analysis  are  outlined.  Through  this  work,  it  is 
shown  that  use  of  a  porous  glass  shell  such  as  a  fritted 
glass  bulb  prevents  the  reduction  of  Ag*.  and  is  therefore 
necessary  for  on-line  concentration  control  during  the  fab¬ 
rication  of  ion-exchanged  glass  waveguides. 

II.  Electrolytic  Release  Technique 

Fabrication  of  ion-exchanged  waveguides  using  the 
electrolytic  release  technique  [4],  [5]  accomplishes  the 
precise  generation  of  very  small  quantities  of  the  diffusing 
ions  into  a  molten  salt  bath  with  careful  control  of  both 
the  duration  and  the  magnitude  of  the  current  pumped 
through  high-purity  electrodes  immersed  in  molten  salt 
bath.  The  idea  is  based  on  the  well-known  Faraday's  Law 
of  Electrolysis:  When  96500  C  of  charge  are  passed 
through  a  metallic  electrode,  1  gm  equivalent  of  the  metal 
is  released  into  the  solution  as  metal  ions.  The  number  of 
grams  of  the  metal  atoms  (ions)  released  at  the  anode  or 
collected  at  the  cathode  can  be  expressed  as 


FZ 


where 

/  current  through  the  circuit  in  amperes. 

t  time  of  release  in  seconds. 

A  atomic  weight  of  the  released  atom. 

F  Faraday's  constant  equal  to  96  500  J/V  mole  e~, 

Z  vaLnce  of  the  atom. 

The  technique  involves  (Fig.  1)  the  fabrication  of  Ag*- 
Na*  exchanged  glass  waveguides  in  which  the  electrolytic 
generation  of  the  monovalent  silver  ions  into  a  molten 
NaNO)  bath  is  accomplished  using  99.999-percent  pure 
silver  rod  as  the  anode  and  a  platinum  wire  as  the  cathode. 
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Fig.  1.  Process  schematic  diagram  (without  fritted  glasii. 


Flow  of  100  mA  of  current  for  15  min  releases  0.1  gm  of 
silver  ion  in  the  salt  bath. 

The  possible  electrode  reactions  in  this  process  are: 

anode: 

Ag  —  Ag  *  +  e~  (la) 

4NOj~  —  2N:0,  +  O.  +  4e~  (lb) 

cathode: 

Ag*  +  e~  -*  Ag  (2a) 

Na*  +  e~  ->  Na.  (2b) 

At  the  anode,  due  to  the  fact  the  silver  atom  has  higher 
tendency  to  lose  an  electron  than  NOf,  the  likely  reaction 
is  the  oxidation  of  silver  as  given  by  (la).  Since  Ag*  is  a 
stronger  reducing  agent  than  Na*,  the  reaction  given  by 
(2a)  is  more  likely  to  take  place  at  the  cathode.  However, 
since  the  Na*  also  reduces  at  the  cathode,  it  appears  that 
some  of  the  silver  ions  do  remain  in  the  salt  bath.  The 
procedure  previously  described  [4],  [5]  utilizes  only  these 
remaining  silver  ions  for  the  Ag*-Na*  exchange  to  form 
optical  waveguides  in  glass.  Since  we  want  a  uniform  Ag* 
concentration  throughout  the  bath,  we  must  stir  the  solu¬ 
tion  when  on-line  control  is  needed.  Therefore,  in  order 
to  obtain  a  correlation  between  the  Ag*  concentration  in 
the  bath  and  the  magnitude  and  time  of  current  flow,  it  is 
necessary  to  develop  some  means  of  preventing  the  reduc¬ 
tion  of  silver  ions  at  the  cathode. 

Ill.  Fritted  Glass  Bllb  Around  thf.  Caihode 

A  solution  to  this  problem  is  to  surround  the  cathode 
(Pt-wire)  with  a  porous  glass  shell  such  as  the  fritted  glass 
bulb  shown  in  Fig.  2.  The  fritted  glass  bulb  is  similar  to 
the  immersion  tubes  fitted  w  ith  porous  discs  used  to  draw 
off  (or  filter)  supernatant  from  precipitates.  Based  on  our 
experience,  the  pore  size  must  be  4-5.5  mu  to  prevent  any 
significant  amount  of  Ag*  from  reaching  the  Pt  wire. 
During  the  release,  a  small  deposit  seems  to  collect  on  the 
Pt-wirc  near  the  liquid  surface.  Na  *  and  Ag*  concentra¬ 
tion  analyses  have  been  performed  on  the  contents  of  the 
fritted  glass  bulb,  on  the  deposits  of  the  Pt-wire.  and  on 
the  contents  of  the  molten  salt  bath.  The  concentration 
analysis  described  below  indicates  that  the  above  men¬ 
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Fig.  2.  Electrolytic  release  of  silver  ions  using  fritted  glass. 


tioned  pore  size  is  sufficient  to  prevent  any  noticable 
amount  of  Ag*  reaching  the  Pt-wire,  thus,  avoiding  the 
reduction  of  the  released  silver  ions  available  for  Ag*-Na* 
exchange. 

A  number  of  experiments  using  the  improved  technique 
with  fritted  glass  around  the  Pt-wire  were  performed  in 
which  different  quantities  of  Ag*  were  released  into  400 
gm  of  molten  NaNO,  by  circulating  100  mA  of  current  for 
different  periods  of  time.  The  eoncemation  of  Ag*  was 
measured  w  ith  the  use  of  a  concentration  cell  [61.  During 
the  release  the  bath  was  not  stirred.  Before  each  release, 
the  silver  electrode  was  weighed  to  an  accuracy  of  ±1 
mg.  After  the  release,  the  electrode  was  weighed  again 
and  the  weight  loss  was  recorded.  Also. in  each  case,  a 
number  of  samples  were  taken  from  the  bath  and  w'ere  ana¬ 
lyzed  by  AFS  [7).  The  technique  involves  photon  excita¬ 
tion  of  atoms  in  the  sample  to  produce  excited  atoms  which 
undergo  radiation  de-excitation  and  subsequent  compari¬ 
son  with  a  known  reference.  To  prepare  the  reference.  1.575 
gm  of  AgNOi  corresponding  to  1.0  gm  of  Ag  was  mixed 
into  400  gm  of  NaNO,  at  330  C.  An  aluminum  rod  was 
dipped  into  the  liquid  coating  the  rod.  After  cooling,  the 
rod  was  scraped  and  the  scrapings  were  weighed.  Using 
water  as  the  solvent,  several  reference  solutions  were  pre¬ 
pared  w  ith  concentration  ranging  from  1  to  10  ppm  vol¬ 
ume.  About  10-20  cc  of  each  was  used  for  the  flame  ab¬ 
sorption  analysis  and  a  calibration  curve  was  obtained.  A 
sample  of  about  5-ppm  volume  of  the  bath  was  prepared 
in  each  case  and  both  were  analyzed  using  the  atomic  ab¬ 
sorption  method.  By  comparing  the  power  output  of  the 
sample  in  relation  to  that  of  the  reference  at  a  given  wave¬ 
length,  concentration  of  the  Ag*  in  the  bath  was  evalu¬ 
ated.  The  results  are  summarized  in  Table  I.  The  mea¬ 
sured  value  of  Ag*  concentation  from  both  the  AFS  and 
the  concentration  cell  measurement  agree  well  with  the 
estimated  value  according  to  Faraday's  Law.  However, 
there  is  some  discrepancy  between  these  results  and  the 
measured  weight  loss.  For  small  release  time,  this  dis¬ 
crepancy  is  small  but  with  an  increase  in  time,  the  differ¬ 
ence  in  weight  A m  between  the  estimated  weight  loss  and 
the  measured  weight  loss  of  the  Ag-rod  before  and  after 
the  release  (Fig.  3)  seems  to  increase  rapidly  at  first,  but 
begins  to  taper  off'  indicating  an  oxidation  process  on  the 
rod  which  slows  down  with  time 
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Fig.  3.  Difference  in  the  predicted  and  measured  weight  of  silver  rod  dm 
after  release.  Sm  =  predicted  weight— measured  weight. 


TABLE  I 

Thf.  Quantity  o=  Silv  fr  Present  in  the  Molten  Bath 


Sliver  Release  (l  •  1)0  aA) 

u 

Ag-rod  weight 
difference 

AFS 

15 

0.1 

0.101 

o.u 

0.101 

45 

0.1 

0.296 

0.12 

0.300 

75 

0.5 

0.488 

0.51 

0.503 

105 

0.7 

0.677 

o.n 

0.70* 

135 

0.9 

0.876 

0.91 

0.917 

Note:  T  -  330°C,  without  stirring  (AFS  refers  to  the  atomic  fluores¬ 
cence  spectroscopy  method  ! 


TABLE  II 

The  Quantity  of  Silver  Present  in  the  Molten  Bath 


Silver  Release  U  -  100  aA) 

Rd'  l 

the  bath  (gta) 

Cla*  (ain) 

Re  leased  Ag(gta) 

Ag-rod  Weight 

Concentration 

AFS 

calculated 

difference 

cell 

15 

0.100 

0.099 

O.U 

0.099 

45 

0.300 

0.295 

0.31 

0.296 

75 

0.500 

0.487 

0.52 

0.506 

105 

0.700 

0.680 

0.71 

O-t.95 

135 

0.900 

0.875 

0.89 

0.912 

Sote:  T  ~  330°C,  with  stirring.  (AFS  refers  to  atomic  fluorescence 
spectroscopy.) 


The  above  experiments  are  repeated;  this  time  with  the 
bath  being  stirred  while  releasing  silver  ions.  The  results 
are  tabulated  in  Table  II.  The  measured  Ag*  concentra¬ 
tion  in  the  bath  is  again  in  excellent  agreement  with  the 
quantity  ot  silver  actually  released,  indicating  that  with  the 
presence  ot  the  fritted  glass,  reduction  of  Ag  *  at  the  cath¬ 
ode  has  been  avoided. 

In  order  to  compare  this  result  and  to  further  understand 
the  mechanisms  ot  the  process,  samples  were  taken  from 
the  contents  of  the  tritted  glass  as  well  as  the  deposits  on 
the  Pt-wire.  The  samples  were  prepared  in  the  following 
manner.  The  contents  of  the  fritted  glass  and  Pt-wire  de- 


TABLE  Ilia 

Analysis  of  Frittfli  Glass  Contents 


Exp. 

■ufumumM 

Total  Wt.  Added! 

Na  Added 

■ 

(AFS) 

Na 

(AES) 

I 

4.76  g 

1.29  g 

6.30  g 

1.15  tag 

1-79  g 

14‘-  -  i.os  ; 

ll 

1-42  g 

6.75  g 

2.00  mg 

1.95  g 

Or*’-” 

(AFS  refers  to  atomic  fluorescence  spectroscopy  and  AES  to  atomic  emis¬ 
sion  spectroscopy. 


TAP’  H  HI'o 

Analysis  of  Pi-Wiri  Deposits  (After  Release) 


1 

|  £*P- 
1 

A* 

1 

Na  | 

Total  Wt. 

1 

Total  Ut  .  Deposited  . 

Na  Deposited  ’ 

1 

1 _ 

(AFS) 

(AES)  I 

_ 

1 

i 

i  i 

i _ 

o.oii  =.< 

_ 

9*68  ag  j 
i 

34.0  ag 

34.0  . 

9768  ~  3.51  | 

1 

i 

0.003  ag 

5.63  ag  | 

_ 

18.0  tag 

18-°  ,  ,,  1 

1 

Sole:  AFS  and  AES  refer  to  atomic  fluorescence  and  emission  spectros¬ 
copy,  respectively. 


posits  were  dissolved  separately  in  dilute  HNO,  and  sam¬ 
ples  of  less  than  10-ppm  volume  were  prepared  for  anal¬ 
ysis.  These  samples  were  analyzed  by  two  chemical 
methods,  depending  on  the  elements  to  be  measured;  AFS 
for  silver  and  AES  for  sodium  (7).  The  results,  which  are 
tabulated  in  Table  III  indicate  that  in  both  cases  (content 
of  fritted  glass  and  Pt-wire  deposits)  the  quantity  of  silver 
is  extremely  small  and  the  element  which  is  reduced  at  the 
Pt-wire  is  indeed  sodium.  Therefore,  it  is  clear  that  the 
current  in  this  electrolytic  process  with  fritted  glass  is 
maintained  by  the  oxidation  of  silver  at  the  anode  and  the 
reduction  of  sodium  at  the  cathode.  As  seen  from  Table 
III.  the  ratio  of  the  total  weight  (added  to  the  content  of 
the  fritted  glass  or  deposited  on  the  Pt-wire)  to  the  weight 
of  sodium  (added  or  deposited)  is  close  to  the  ratio  of  the 
molecular  weight  of  NaNO,  to  the  atomic  weight  of  Na. 
namely  3.7.  which  leads  us  to  the  conclusion  that  both  Na* 
and  NOT  penetrate  inside  the  porous  tube  and  the  silver 
ions  remain  in  the  bath.  It  seems  that  this  phenomenon  is 
possible  due  to  ihe  larger  size  and  lower  concentration  of 
the  silver  ions  present  in  the  bath  compared  to  that  of  so¬ 
dium  ions.  It  should  be  pointed  out  that  when  larger  size 
porous  glass  ( 10  am)  was  tried,  the  contents  of  fritted  glass 
turned  black,  indicating  that  Ag*  penetrated  and  reduced 
at  the  cathode. 

Since  all  ot  the  Ag*  ions  released  into  the  molten  salt 
bath  with  the  use  of  fritted  glass  now  remain  in  the  bath, 
it  is  expected  that  the  fabricating  single-mode  planar 
waveguides  will  now  require  less  time. 

To  determine  the  effect  of  the  fritted  glass  on  the  wave¬ 
guide  parameters,  a  known  amount  of  silver  is  released  by 
pumping  a  current  of  100  mA  through  molten  NaNO<  at 
330°C  using  the  improved  fritted  glass  scheme  (Fig.  2) 
140 
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TABLE  IV 

Diffusion  Timf.  Applifd  Fti-U).  ami  Mopf.  I  mu  ms. 


3l(fulls>n  tta*  Dfltt  Nj. 

(»t>>  (v»iis  aaj  ;r 

ot  i  >1m  •  Mode  jrJer 

i  or  HI 

T£  :lod«  liuJe* 

10  0 

l  J 

I.5l4b5 

♦>0  0 

2  0 

1.51640  | 

l 

1 .61293 

40  0 

2  : 

l. 51706  1 

1.61408 

12  0  I  0 

3  0 

1.5171b 

1 

1 

,  1.51465 

2 

l.iiaii 

150  0 

3  '3 

l . vi 798 

i 

1 

1  1.51511 

1.61363  ! 

30  30 

-  0 

1.51822 

i 

1 

1.51605  j 

1 

2 

1  1.51496  j 

1  —  1  - 

3 

|  1.51296 

Note:  Substrate  refractive  index 

is  1 .512  at  0.6328  /am. 

Salt  bath  is  0.1- 

gm  Ag '  4<X)-sm  NaNO.  at  330°C. 

for  known  period:,  of  time.  The  precleaned  glass  slides  are 
then  placed  in  the  bath  and  field-assisted  or  nontield-as- 
sisted  diffusion  is  carried  out  for  given  periods  of  time. 
Field-assisted  waveguides  are  fabricated  by  depositing  a 
metallic  electrode  on  the  glass  sample  during  the  diffusion 
process.  We  have  prepared  the  electrode  by  a  two-layer 
evaporation  of  Cr  (50  A)  and  Au  (1000  A)  on  the  sam¬ 
ples.  Table  IV  summarizes  the  number  of  TE  (or  TM) 
modes  and  the  TE  mode  indexes  of  the  waveguides  fab¬ 
ricated  using  a  concentration  of  0.1-gm  Ag/400-gm 
NaNO,.  Comparison  with  the  results  obtained  without 
using  fritted  glass  [4],  [5]  shows  that  as  expected,  the 
mode  indexes  are  higher  and  the  time  required  to  stay 
within  the  single-mode  regime  is  not  as  high  as  before  for 
the  same  magnitude  of  electrolytic  release.  Obviously,  by 
decreasing  cither  the  current  or  the  time,  the  situation  can 
be  improved. 

In  conclusion,  we  have  presented  an  improved  tech¬ 
nique  for  a  precise  control  of  silver  ton  concentration  while 
fabricating  Ag'-Na*  exchanged  glass  waveguides.  The 
modified  technique  ensures  that  the  released  Ag*  concen¬ 
tration  is  the  same  as  that  in  the  bath.  This  is  essential  for 
monitoring  and  controlling  the  Ag‘  concentration  in  the 
bath  by  pumping  appropriate  amount  of  current  in  the  ex¬ 
ternal  electrolytic  circuit  as  needed. 'For  a  given  glass  sub¬ 
strate  of  known  composition,  process  control  i.\g"  con¬ 
centration.  diffusion  time,  and  temperature)  facilitates  the 
fabrication  of  reproducible  single  and  multimode  wave¬ 
guides. 
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in  situ  measurement  of  ionic  concentration  during 
fabrication  of  ion-exchanged  waveguides 


R.  K.  Lagu,  S.  I.  Najafi,  and  V.  Ramaswamy 


In  this  paper  we  describe  a  concentration  cell  for  the  measurement  of  Ag+  ion  concentration  useful  for  fabri¬ 
cation  of  Ag*  —  Na+  exchanged  waveguides  in  glass.  The  scheme  is  adaptable  to  other  ion  exchanges  as  well. 
High  measurement  accuracy  l±2  mV)  and  assured  repeatability  are  possible  by  standardizing  the  reference 
electrode  and  experimental  conditions.  Use  of  such  a  cell  with  appropriate  analog  signal  processing  should 
facilitate  on-line  concentration  control  by  periodic  pumping  of  the  exchanging  ion  into  the  molten  salt 
bath. 


I.  Introduction 

Recently,  glass  waveguides  have  received  consider¬ 
able  attention  in  the  development  of  passive  integrated 
optical  components  such  as  star  and  access  couplers, 
channel  dropping  filters  at  the  receiving  end  of  an  op¬ 
tical  communication  system,  and  in  certain  specific 
applications  such  as  wave  front  sensors  and  interfero¬ 
metric  couplers.  Glass  waveguides  nave  formed  the 
basis  for  such  components  because  of  their  low  optical 
propagation  loss,  compatibility  with  optical  fibers  (both 
single  and  multimode),  immunity  to  optical  damage, 
and  potential  cost-effectiveness  under  mass  produc¬ 
tion. 

The  ion-exchange  technique  has  so  far  been  the  most 
popular  approach  for  fabricating  glass  waveguides.  The 
technique  involves  the  exchange  of  monovalent  ions  of 
larger  electronic  polarizability  such  as  potassium  K+,‘  1 
rubidium  Rb+,4  cesium  Cs+,4  silver  Ag+,1,5~10  or  thal¬ 
lium  Tl+, 11,12  with  an  ion  of  smaller  polarizability  such 
as  sodium  Na+  which  usually  is  a  component  of  the  glass 
matrix  of  soda-lime  silicate  (or  borosilicate)  glass.  The 
ion  exchange  creates  an  increase  in  the  refractive  index 
thus  forming  a  guiding  layer  at  the  surface  of  the  glass 
substrates.  The  guiding  characteristics  are  determined 
by  the  process  parameters  such  as  self-  and  interdiffu¬ 
sion  coefficients  of  these  ions,  temperature  and  con¬ 
centration  of  the  diffusing  ions  in  the  melt  as  well  as 
concentration  of  Na+  in  the  substrate.  As  the  passive 
devices  fabricated  using  these  waveguides  on  glass 
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substrates  cannot  be  tuned  electrooptically  to  com¬ 
pensate  for  fabrication  errors,  precise  fabrication  to 
strict  specifications  is  necessary  for  assured  repeat¬ 
ability.  In  addition,  an  electric  field  is  often  applied  to 
enhance  the  thermal  diffusion,  primarily  because  the 
binary  exchange  of  Na+  ion  with  a  heavier  ion  such  as 
Ag+  or  Tl+  is  relatively  slow  compared  to  the  alkali  ion 
due  to  their  lower  mobility.  However,  the  self-diffusion 
coefficient  of  Na+  is  rather  large  compared  with  that  of 
the  heavier  ion  and  the  application  of  an  electric  field 
therefore  depletes  the  Na+  ions  at  the  surface  which 
need  to  be  compensated  in  order  to  control  the  index 
profile.  To  ensure  repeatability  of  the  waveguide  de¬ 
vices,  it  is  necessary  to  relate  the  device  parameters  to 
process  parameters  and  then  control  the  process  pa¬ 
rameters  accurately. 

One  of  the  process  parameters,  the  temperature,  can 
be  easily  controlled  to  within  ±0.2°C  using  a  feedback 
control  system,10  even  at  elevated  temperatures 
(300-600°C).  To  maintain  the  concentration  of  the 
diffusing  ion,  first  it  is  necessary  to  measure  its  con¬ 
centration  in  the  melt.  The  conventional  methods  to 
measure  concentration,  e.g.,  mass  spectrometry,  atomic 
absorption,  emission,  and  fluorescent  spectrometry  or 
nuclear  activation,  are  not  suitable  for  application  of 
feedback  control  of  the  concentration  On-line  mea¬ 
surement  of  the  concentration  is  essential  for  making 
reproducible  glass  waveguides.  Furthermore,  since  the 
guides  are  fabricated  by  diffusion  at  elevated  temper¬ 
atures,  it  appears  that  use  of  a  concentration  cell  is  an 
ideal  way  to  measure  the  concentration.  In  situ  mea¬ 
surement  of  the  concentration  would  make  the  com¬ 
pensation  and  control  of  the  ionic  content  of  the  melt 
much  easier  especially  if  the  ions  were  released  by 
electrolytic  means.10 

In  this  paper  we  report  the  results  of  our  experiments 
with  different  types  of  concentration  cell  and  the  final 
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Fig.  1.  Ag|  |Ag*(NaNO:,)|  |Ag  concentration  cell 

design  of  the  cell  which  is  suitable  for  the  glass  wave¬ 
guide  ion-exchange  process  application.  Measurements 
of  Ag+  ion  concentration,  released  elect roivtically.  in 
a  molten  NaNOa  bath  are  illustrated  using  the  cell. 

II.  Voltaic  Cell  as  a  Concentration  Cell 

Commercially  available  electrodes  which  are  sensitive 
for  selective  ions  unfortunately  operate  at  relatively  low 
temperatures,  typically  in  the  0-80°C  range,  and 
therefore  are  not  suitable  for  our  applications.  For 
molten  salt  applications,  the  emf  generated  by  a  voltaic 
cell  can  be  used  to  measure  concentration.  In  principle, 
any  spontaneous  reduction-oxidation  (redox)  reaction 
can  be  used  to  generate  a  cell  potential  and  since  this  cell 
potential  depends  on  the  substance  that  makes  up  the 
cell  and  their  concentrations,  the  measured  voltage  may 
be  used  to  represent  their  concentration  as  long  as  the 
same  substances  are  present  in  both  the  anode  and 
cathode  compartments  but  at  different  concentra¬ 
tions. 

For  illustrative  purposes,  let  us  consider  a  cathode 
compartment  consisting  of  a  silver  wire  electrode  and 
a  concentration  Ci  of  Ag+  ions  in  molten  NaNO:>  and  a 
similar  anode  compartment,  however,  consisting  of 
lower  concentration  c<  of  Ag+  ions  in  NaNO.,.  Figure 
1  shows  such  a  concentration  cell  where  the  anode  re¬ 
gion  is  represented  by  the  entire  bath  with  the  cathode 
enclosed  in  a  glass  bulb. 1:1 

At  the  anode  where  oxidation  occurs 

Ag(.«)  •  Ag*0  .1  +  i“.  ill 

If  the  cathode  had  been  a  hydrogen  electrode  H_>  (1  atm) 
and  the  cathode  Ag||Ag  +  (l  M)  in  standard  state  con¬ 
ditions  in  an  aqueous  solution,  the  standard  potential 
would  have  been  ~  -0-8  V.  However,  since  the 
oxidation  process  at  the  anode  is  not  occurring  in 
standard  state  conditions  (solutions  at  1-M  concen¬ 
tration  at  T  =  298  K)  and  the  oxidation  takes  place  in 
molten  NaNO,.  (he  electrode  potential  can  be  repre¬ 
ss  ted  by  the  Nernst  equation14 
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where  E,1X  is  the  assumed  electrode  potential  in  molten 
NaNO;i,  R  is  the  gas  constant  (8.317  J/K  mole),  T  is 
temperature  in  kelvin,  and  F  is  the  Faraday  constant 
(96,500  J/V  mole  e~).  Concentration  of  the  bath  eg 
appears  as  logcg  because  when  the  concentration  of  the 
Ag+  ion  (the  product  of  the  reaction)  increases,  the 
electrode  potential  becomes  less  positive.  Equation 
(2b)  can  therefore  be  rewritten  as 


E3  =  E.„  -  1.98  x  10-47  logic.,).  (3) 

Similarly  at  the  cathode  where  the  reduction  of  Ag* 
occurs. 


Ag+(<i)  +  e  Afjl.s ).  (41 

The  standard  potential  in  an  aqueous  solution  now  is 
E°te<j  =  —E°nx  ~  +0.8  V.  As  before,  for  Ag+  ions  in  our 
case  in  nonstandard  conditions  in  molten  NaNO  ,, 


2.MRT 

E,  =  -Ared - - —  logll/c,). 

t 


where  Ere<i  is  the  assumed  electrode  potential  and  is 
equal  in  magnitude  to  £’„t. 

As  the  concentration  c(  of  Ag+  ions  is  increased,  the 
electrode  becomes  more  positive  and  therefore  c,  ap¬ 
pears  in  the  denominator  of  the  logarithmic  function. 
Thus.  Eq.  (5)  with  values  of  R  and  F  substituted  be¬ 
comes 


E{  =  -A ,,.<1  -I  I.U8  X  10”J7  logic,).  16) 

The  resultant  voltaic  cell  illustrated  in  Fig.  1.  which 
supports  the  reactions 

anode:  Ago  I  *  AgMegl  +  <•". 

cathode:  Ag+(<|)  +  e"  •  Aglsl  1 . 1 


Ag*(,  ,)  -  Ag  *  (eg ) 

will  generate  a  potential  difference  V’,  that  depends  on 
the  ratio  of  the  Ag+  concentrations  (cj/cg)  and  the 
temperature  T.  and  equals  the  sum  of  Eqs.  (3)  and  (6). 
Therefore,  the  Nernst  potential  difference  of  the  cell  is 
given  by 

V  =  1.98  x  ur47'  logic, /<  _,).  18) 

If  one  of  the  concentrations,  say  i  \  (reference  concen¬ 
tration),  is  known,  the  unknown  salt  bath  concentration 
Co  can  be  determined  by  measuring  the  cell  emf  V  with 
a  high  impedance  voltmeter. 

Although  the  above  argument  seems  reasonable,  the 
electron  released  at  the  anode  when  a  Ag  atom  disas¬ 
sociates  into  solution  as  an  Ag+  ion  can  move  through  the 
external  circuit  to  the  cathode  where  it  reduces  another 
Ag4  ion:  such  a  movement  in  reality  indeed  cannot 
occur.  The  reason  this  concentration  cell  is  an  incom¬ 
plete  voltaic  cell  is  becuase,  when  a  Ag+  ion  is  released 
into  the  solution  at  the  anode  with  a  simultaneous  re¬ 
duction  at  the  cathode,  both  of  the  half-cells  become 
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charged,  immediately  blocking  any  further  movement 
of  the  electron. 

Therefore,  we  need  a  means  that  would  allow  the 
migration  of  the  Ag+  ions  from  the  bath  to  the  cathode 
region  in  the  bulb.  In  other  words,  we  need  to  physi¬ 
cally  distinguish  the  two  regions  of  different  concen¬ 
trations  and  yet  simultaneously  permit  the  diffusion  of 
Ag+  ion  to  facilitate  current  flow  and,  hence,  the  redox 
reaction.  Concentration  cells  using  fritted  glass1'1  in 
place  of  the  glass  bulb  or  glass  tubes  with  asbestos  fi¬ 
bers16  as  well  as  tubes  with  loosely  plugged  glass  wool 
have  been  reported.  Our  experience  with  such  schemes 
similar  to  the  conventional  salt  bridge  using  porous  or 
semipermeable  membranes  is  that,  within  a  reasonable 
time  period  (of  the  order  of  an  hour  or  so),  complete 
mixing  between  the  separated  solutions  occurs.  In 
addition,  an  unpredictable  liquid  junction  with  an  un¬ 
known  potential  exists  across  the  membrane.  Fur¬ 
thermore,  the  cell  potential,  while  the  solutions  tend 
toward  dynamics  equilibrium,  continues  to  decrease 
with  time  and,  therefore,  the  measurements  are  not 
reliable. 

Fortunately,  in  our  case,  the  glass  bulb  itself  acts  as 
a  good  membrane.  Inman1'1  has  reported  the  use  of 
such  a  glass  bulb  containing  the  reference  electrode  to 
form  part  of  a  concentration  cell.  The  underlying  idea 
is  that  Pyrex  glass  at  elevated  temperatures  (330- 
370°C)  caii  act  as  a  resistive  ion  bridge  between  the 
solutions  because  the  sodium  ions  with  a  thin  membrane 
(walls  of  the  glass  bulb)  have  rather  high  mobility  at 
these  temperatures.  Since  there  are  no  pores  present 
within  the  membrane,  the  two  solutions  are  physically 
isolated. 

III.  Reference  Electrode  in  a  Large  Glass  Cell 

A  Pyrex  glass  test  tube  ~6-mm  i.d.  with  ~0.5-mm 
wall  thickness  is  heated  with  a  torch  and  blown  at  one 
end  to  form  a  glass  bulb  with  a  tubular  stem.  The  glass 
bulb  is  nearly  spherical  in  shape  with  ~12  mm  in  di¬ 
ameter  and  —0.1 -mm  wall  thickness  as  shown  in  Fig. 
2(a). 

A  reference  melt  is  produced  by  releasing  2.0  g  of 
silver  from  a  high  purity  (99.999%)  rod  into  a  melt  of 
400-g  NaN0;t  by  electrolysis1";  the  reference  melt  con¬ 
centration  c j  approximately  equals  3.94  X  10-:'  mole 
fraction  (MF).  The  glass  bulb  is  then  filled  to  its  neck 
with  —3-4  g  of  the  reference  melt.  High  purity  silver 
wires  are  also  used  as  the  cathode  within  the  glass  bulb 
as  well  as  the  anode  immersed  in  the  bath.  The  cell  is 
then  used  to  measure  the  silver-ion  concentration  in  the 
salt  bath  (Fig.  1).  The  Nernst  potential  difference  is 
measured  with  a  10-MS2  input  impedance,  digital  volt¬ 
meter. 

By  electrolyticallv  releasing  known  quantities  of  Ag+ 
ions  in  400  g  of  NaNOn,  different  known  concentrations 
of  Ag+  in  NaNO:,  in  the  bath  are  prepared.  By  mea¬ 
suring  the  cell  potential  each  time,  we  obtain  the  plot 
ot  cell  emf  V  vs  logic  i/cv)  as  shown  in  Fig.  3.  The  solid 
line  represents  the  theoretical  cell  potential  as  given  by 
Eq.  (8).  As  expected,  both  curves  V  vs  logUq/c _•)  ex¬ 
hibit  linear  behavior.  Both  the  experimental  and  t  he- 
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Fig.  2.  Large  find  small  reference  electrode  idass  bulbs. 

oretical  lines  have  nearly  the  same  slope  with  the  slope 
of  the  experimental  line  slightly  lower.  The  tempera¬ 
ture  gradient  in  the  bath  in  the  vertical  direction 
amounts  to  almost  20°C.  The  estimation  of  the  bath 
temperature  from  the  measured  value  near  the  refer¬ 
ence  bulb  is  susceptible  to  an  error  of  a  few  degrees  and 
may  be  responsible  for  the  difference  in  the  slope. 
Moreover,  when  the  two  concentrations  are  equal,  we 
measure  an  asymmetry  potential  of  —14  mV  rather  than 
0  as  predicted  by  Eq.  (8). 

Inman111  attributes  the  asymmetry  potential  to  a 
difference  of  sodium-ion  concentration  in  the  glass  be¬ 
tween  the  inside  and  outside  of  the  bulb  which  occurs 
during  the  blowing.  Although  this  may  occur,  we  be¬ 
lieve  it  is  highly  unlikely;  our  careful  experimentation 
has  led  us  to  a  different  conclusion.  Note  the  temper¬ 
ature  at  which  the  measurements  in  this  experiment 
were  made,  namely,  340°.  However,  NaNO:(  melts  at 
308°C.  Although  temperature  of  the  salt  bath  was 
maintained  at  a  constant  set  temperature  using  a 
feedback  control  arrangement,10  the  temperature  of  the 
reference  melt  was  considerably  lower  (310°)  due  to  its 
large  thermal  capacity,  in  fact,  the  temperature  of  the 
bath  had  to  be  ~340°C  before  the  salt  in  the  reference 
bulb  would  completely  melt  implying  a  temperature 
difference  of  — 30°C  between  the  bath  and  reference  cell. 
However,  Eq.  (8)  assumes  the  same  temperature  for 
both  the  electrodes.  Now  then,  if  C)  =  c-j  =  c.  with  both 
reference  and  bath  electrodes  at  different  temperatures, 
namely,  T,  and  7\  respectively,  use  of  Eqs.  (3)  and  (tit 
yields  an  asymmetry  potential: 

av  =  i.tw  x  ni-yir  i,*,.  uo 

where  A/  =  / 1  —  /’j.  Since  7’.  is  always  larger  than 
T i,  A7’  is  negative.  In  our  case,  we  have  A  /’  *  -30°C 
and  c  =  3.94  X  10“  1  and  obtain  A\  =  14.28  mV  which 
agrees  very  well  with  our  measured  asymmetry  potential 
when  C|  = 

The  corrected  Nernst  equation,  when  <  i  *  <■_■,  is 
therefore 

At'  =  I  .SIS  x  KrV/',  liic<  |  -  7  ..  Iiiri  _■).  iloi 

which  is  plotted  as  a  dashed  line  in  Fig.  3.  The  excellent 
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Fig.  :i.  Measured  and  calculated  N’crnst  potential  for  large  reference 
electrotie  glass  Itulli  at  /'  = 


agreement  indicates  the  asymmetry  is  indeed  due  In 
temperature  difference  between  the  electrodes. 

From  the  above  discussion  it  is  clear  that,  at  tem¬ 
peratures  helow  measurements  are  not 

meaningful  as  the  salt  inside  the  reference  cell  freezes 
around  the  Ag  electrode.  Thus,  this  type  of  cell  would 
not  permit  fabrication  of  our  ion -exchanged  waveguides 
at  lower  temperatures.  The  asymmetric  potential, 
because  of  its  temperature  dependence,  would  require 
temperature-dependent  compensation  of  the  analog 
signal  when  using  signal  processing  means  to  maintain 
the  concentration. 

IV.  Modified  Reference  Electrode  Cell 

The  basic  problem  of  asymmetry  potential  and  the 
temperature  restriction  primarily  due  to  temperature 
difference  between  the  electrodes  can  be  solved,  for 
example,  by  heating  the  upper  part  of  the  reference  cell 
independently  to  compensate  for  the  heat  loss.  This 
would  require  two  temperature  controllers  and  a  priori 
knowledge  of  ST  for  each  concentration  cell.  Another 
possibility  is  to  increase  the  thermal  mass,  i.e.,  the 
amount  of  NaN():1  in  the  salt  hath,  and  immerse  the  cell 
deeper  to  ensure  that  the  reference  electrode  temper¬ 
ature  approaches  that  of  the  hath.  This  would  require 
large  amounts  of  NaNO,.  which  becomes  expensive, 
plus  a  more  elaborate  high  powered  temperature  con¬ 


troller  to  maintain  the  bath  temperature  would  be  re¬ 
quired. 

An  alternative  arrangement  is  to  use  a  smaller  ref¬ 
erence  bulb  as  shown  in  Fig.  2(b).  Use  of  such  a  small 
reference  cell  eliminates  the  requirement  of  large 
quantities  of  NaNOa  and  a  separate  temperature  con¬ 
troller.  The  cell  can  easily  be  fabricated  as  before  but 
now  using  a  Pasteur  pipette. 

The  solid  circles  in  Figs.  4(a)  and  lb)  and  5  represent 
the  measured  concentration  cell  potential  at  the  three 
different  temperatures,  namely,  225°C.  350° C.  and 
.'I6()°(.\  respectively.  The  small  amount  of  asymmetry 
potential  at  all  the  above  temperatures  can  be  due  to  a 
difference  in  temperatures  of  only  a  few  degrees  centi¬ 
grade  between  the  bath  and  the  reference  cell.  In  fact, 
the  discrepancy  of  a  few  millivolts  is  within  the  mea¬ 
surement  error.  Typically  <5  mV  changes  in  the 
measured  value  happen  depending  on  the  volume  dif¬ 
ference  of  the  salt  inside  the  reference  cell  or  the  vertical 
positioning  of  either  the  silver  wire  within  the  cell  or  the 
entire  cell  itself. 

Figure  ’>  shows  the  results  for  various  types  of  cell 
measured  at  As  before,  the  large  cell  exhibited 

the  highest  asymmetry  potential.  Three  different  types 
ol  smaller  version  cell  were  also  used.  The  ®  marked 
data  point  indicates  that  the  concentration  tq  of  Ag  + 
ions  in  the  reference  cell  is  less  than  that  of  the  bath 
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Fig.  5.  Concentration  cell  performance  between  large  and  small 
reference  electrode  bulbs  at  :I60°C.  O  points  indicate  small  bulb 
potential  measurements;  but  a  fairly  large  air  bubble  present  within 
the  neck  at  the  small  reference  bulb  gives  a  large  zero  crossover  point 
{cjc-i  =  0.7). 

since  at  the  origin,  the  y  intercept  is  negative.  A  very- 
small  air  bubble  in  the  reference  cell  can  cause  this.  A 
very  large  air  bubble  trapped  within  the  constriction  of 
a  small  bulb  results  (©points)  in  zero  cell  potential  for 
logic  i/co)  =  0.7. 

Therefore,  it  is  extremely  important  to  ensure  that 
there  are  no  air  bubbles  within  the  reference  bulb. 
When  necessary  precautions  are  taken,  the  experi¬ 
mental  curve  is  repeatable  when  using  the  same  cell 
after  repeated  cleaning  and  filling  with  the  same  stan¬ 
dard  solution.  However,  it  seems  that  small  variations 
in  the  absolute  value  of  the  cell  potential  do  take  place 
depending  on  the  position  of  the  reference  bulb  in  the 
bath.  But  once  again  when  this  is  standardized,  the 
measurements  are  repeatable  within  ±2  mV. 

To  avoid  the  errors  due  to  the  sources  mentioned 
above  it  is  necessary  to  use  a  given  calibrated  concen¬ 
tration  cell  for  the  measurement,  keeping  the  experi¬ 
mental  conditions  the  same.  In  these  conditions,  such 
a  cell  can  be  used  for  in  situ  concentration  measurement 
during  the  fabrication  of  ion-exchanged  waveguides. 

V.  Conclusions 

We  have  described  a  Ag|  |  Ag  +  (NaNO  ,)|  |  Ag  concen¬ 
tration  cell  that  can  be  used  to  measure  concentration 
of  Ag+  ions  in  a  molten  NaNO  i  bath  during  fabrication 
of  Ag+  -  Na+  ion-exchanged  waveguides.  By  suitable 
selection  of  the  electrodes,  the  diffusant  ion,  and  the 
electrolyte,  the  scheme  can  be  adapted  to  other  ion  ex¬ 
changes  used  in  optical  waveguide  fabrications.  The 
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measurements  are  quite  repeatable  as  long  as  a  small 
reference  electrode  glass  bulb  is  used  and  experimental 
conditions  are  standardized.  The  error  in  our  experi¬ 
ments  is  ±2  mV.  Thus,  it  will  help  to  have  a  large  v \/c> 
ratio  by  choosing  a  relatively  large  reference-ion  con¬ 
centration  compared  to  that  of  the  bath.  In  these 
conditions  we  can  maintain  the  bath-ion  concentration 
by  use  of  appropriate  analog  antilog  amplifiers  and 
other  necessary  process  controls.  On-line  concentration 
control  should  be  possible  bv  periodic  pumping  of  ions 
into  the  bath.  This  would  permit  fabrication  of  ion- 
exchanged  glass  waveguides  repeatedly  with  the  same 
characteristics.  We  are  presently  working  toward 
meeting  this  objective. 
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Diffusion  studies  and  .nodal  behavior  of  Ag+-Naf  exchanged  planar 
waveguides  in  glass  suostrate  are  presented.  In  addition,  a  simple  SEM 
technique  to  determine  tne  refractive  index  profile  and  the  realization  of 
symmetrical  juried  waveguides  with  fioer-lixe  refractive  index  profile  are 
also  reported. 

1.  Introduction 

Ion-exchanged  glass  waveguides  have  received  considerable  attention 
recently  and  they  are  expected  to  form  the  basis  for  passive  integrated 
optical  components.  Significant  progress  has  been  made  in  the  fabrication  of 
ion-exchanged  waveguides.  Recent  electrolytic  release  technique  [1]  and  the 
improved  method  [2]  using  fritted  glass  bulo  around  the  cathode  provide 
opportunities  for  faorication  of  passive  waveguide  devices  with  repeatable 
characteristics.  This  is  quite  important  because  glass  waveguide  devices 
being  passive,  cannot  be  tuned  electro-optical ly  to  compensate  for  faorication 
errors. 

The  guiding  characteristic  of  a  planar  waveguide  depends  on  the  device 
parameters  such  as  maximum  index  change,  index  profile,  effective  guide  depth, 
which  in  turn  depend  on  the  process  parameters  like  the  diffusion  temperature, 
time  and  silver  ion  concentration  in  the  bath.  To  design  a  waveguide  support¬ 
ing  specific  numoer  of  .nodes  with  desired  propagation  constants,  it  is 
necessary  to  determine  relations  oetween  process  and  device  parameters.  In 
this  paper,  we  present  an  empirical  relation  oetween  process  and  device  para¬ 
meters.  We  also  present  a  procedure  for  fabricating  symmetrical  buried 
waveguides  which  are  comparable  in  shape  and  size  to  the  core  of  single  mode 
fibers.  A  precise  technique  to  characterize  these  waveguides  using  back- 
scattered  electrons  in  SEM  is  also  reported. 

2.  Planar  Surface  Waveguide  Diffusion  Characteristics 

The  Agf-Na+  ion-exchanged  waveguides  are  fabricated  in  a  molten  WaNO-j 
bath  with  small  concentration  of  silver  ions.  The  oath  can  be  considered  to 
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be  an  infinite  source  of  silver  ions  as  the  number  of  ions  diffusing  into  the 
glass  sample  is  very  small  compared  to  that  of  the  ions  present  in  the  bath. 
Under  these  conditions,  the  diffusion  equation  has  a  closed  form  analytical 
solution,  namely  the  complementary  error  function.  Planar  waveguides  fabri¬ 
cated  in  this  manner,  tnerefare,  exhibit  a  complementary  error  function  index 
profile.  The  o-V  characteri sties  for  this  highly  asy.nmetnc  profile  have  been 
determined  oy  salving  the  normalized  mode  dispersion  equation  [3]  and  tne  cut¬ 
off  values  for  tne  V  parameter  for  the  first  three  modes  are  found  to  oe  2.7, 
6.3  and  9.9. 

The  Y  parameter  is  defined  as 


where  x  is  the  wavelength  of  operation,  d  is  the  effective  waveguide  depth 
measured  between  values  at  0.163  of  peak  refractive  index  at  the  surface,  and 
is  given  by  d  *  2/Dirwnere  t  is  the  time  of  diffusion  and  D  is  the  diffusion 
coefficient,  rVj  is  bulk  refractive  index,  and  an  is  the  maximum  refractive 
index  change  which  depends  on  the  concentration  of  silver  ions  Cg. 

We  faoricated  several  sets  of  single  and  nultimode  waveguides  using 
Labmate  microscope  slides  for  different  value  of  Cg  and  measured  the  propa¬ 
gation  constants  of  the  modes  they  suported.  Using  an  iterative  computer 
program,  the  data  was  fitted  into  the  d-V  characteristics  of  the  erfc  profile 
to  estimate  an  and  d.  Using  these  results,  the  value  of  0  was  estimated  and 
the  relation  oetween  an  and  Cg  plotted  as  shown  in  figure  1.  It  was  noted  the 
diffusion  coefficient  0  did  not  vary  much  with  different  orands  (e.g., 
Corning,  Schott  and  Lapmatel  of  glass  substrates. 

For  small  Cg,  an  versus  Cg  is  essentially  linear.  For  guides  with  small 
number  of  modes,  the  relationship  between  an  and  Cg  can  therefore  be  approxi- 


Figure  1.  Relation  between  sur¬ 
face  index  change  An  and  Ag+  con¬ 
centration 
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mated  as 


An  -  26 .5  CQ 

Cq  is  the  mole  fraction  of  silver  Ions  in  bath. 

Using  aDOve  empirical  relations  oetween  the  device  (d,  rx^,  An)  and  the 
process  parameters  (Cq,  0,  t),  we  can  approximate  the  V  parameter  as 

V  «  63.86  /qt 


for  \  *  0.6328  ^m,  nQ  »  1.SIH  and  0  3  0.129  pn^/mi n. 

Using  cut-off  values  for  V  parameters  for  various  modes,  the  design 
curves  are  plotted  in  t-Cg  plane  as  shown  in  figure  2. 


figure  2.  Design  curves  for  var¬ 
ious  modes  (X  =  0.6328  um) 


3.  Waveguide  Cnaracteri ration 

The  technique  frequently  used  for  measuring  silver  ion  concentration 
seems  to  be  Electron  Microprobe  Analysis,  also  referred  to  as  Electron 
Microprobe  [4].  The  equipment  needed  for  this  technique  is  quite  expensive 
and  is  not  available  at  our  university.  We  have  investigated  a  technique 
using  a  Scanning  Electron  Microscope  to  find  the  silver  ion  concentration 
profile.  In  an  SEM,  the  specimen  is  oomoarded  by  an  accelerated  electron  oeam 
with  an  accelerating  voltage  in  the  range  of  20-50  <v.  The  specimen  generates 
two  types  of  electrons,  namely,  the  secondary  electrons  and  the  back-scattered 
electrons.  The  oacx-scattered  electrons  wmch  have  'higher  energies  car»-y  the 
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Figure  3.  a)  Index  profile  of  a  planar  waveguide  fabricated  in  the  first 
step  by  field-assisted  diffusion  of  silver  ions,  b)  Second  field-assisted 
diffusion  in  pure  NaNOi  results  in  a  buried  skewed  index  profile,  c)  Index 
profile  of  a  planar  waveguide  fabricated  in  the  first  step  by  diffusion 
without  applied  electric  field,  d)  Syrrnetri cal  index  profile  of  a  buried 
waveguide  results  of  second  field-assisted  diffusion  in  pure  NafiOg. 


information  aoout  specimen  composition.  Since  the  atomic  weignt  of  silver  is 
much  higher  than  that  of  the  rest  of  the  ions  in  tne  glass  suostrate,  the 
contribution  of  silver  ions  in  the  guide  region  to  the  yield  of  pack-scattered 
electrons  is  maximum.  Thus,  if  tne  sample  is  polished  across  the  edge  of  the 
waveguide  and  scanned  in  the  StM,  the  Pack-scattered  electron  intensity  pro¬ 
file  gives  a  good  estimate  of  the  silver  ion  concentration  profile.  Since  the 
refractive  index  change  is  directly  proportional  to  silver  ion  concentration, 
it  also  gives  a  good  estinate  of  tne  index  profile.  The  silver  ion  concentra¬ 
tion  profiles  measured  using  this  technique  are  shown  in  figures  3(a)  through 
3(d).  It  can  be  seen  that  this  "ethod  has  a  good  signal  to  noise  ratio  and 
high  resolution.  The  big  dip  seen  in  tne  signal  comes  from  a  layer  of  epoxy 
used  while  polishing  the  waveguide.  The  epoxy  is  applied  on  the  surface  of 
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the  guide  and  anotner  glass  slide  is  stuck  to  it  oefore  polishing  so  as  to 
avoid  the  rounding  at  the  edge  of  the  waveguide. 

4.  Planar  Buried  Waveguide  Fabrication 

A  two  step  diffusion  process  utilizing  field-assisted  diffusion  is  used 
in  glass  to  form  Duried  waveguides  [5].  In  this  process,  soda-lime-silicate 
glass  slides  are  immersed  in  molten  sodium  nitrate  where  silver  ions  are  also 
present.  Initially,  a  surface  waveguide  is  formed  by  a  field-assisted  dif¬ 
fusion  of  silver  ions  in  glass.  This  is  followed  oy  a  second  field  assisted 
diffusion,  however  in  pure  sodium  nitrate.  The  diffusion  time  and  applied 
field  in  each  of  the  two  steps  are  two  important  parameters  which  control  the 
dimensions  and  index  profile  of  a  ouried  waveguide. 

In  the  existing  process,  applied  fipld  in  tne  range  of  60-100  volts/mn  is 
used.  This  results  in  a  step-like  waveguide  (figure  3(a)),  which  when  ouried, 
gives  a  skewed  index  profile  (figure  3(o)).  These  results  agree  with  the 
Skewed  profiles  of  ouried  waveguides  already  reported  in  literature  [S]. 

We  nave  experimentally  determined  that  if  no  field  is  applied  in  the 
first  step,  as  expected,  a  surface  waveguide  with  complementary  error  function 
profile  is  formed  (figure  3(c))  which,  when  suojected  to  a  field-assisted 
diffusion  in  pure  sodium  nitrate,  results  in  a  symmetrical  structure  with  ru*ar 
paraoolic  index  profile  as  shown  in  figure  3(d).  To  ODtain  waveguides  with 
various  widths,  surface  waveguides  were  formed  without  drift  field  for  40 
minutes  using  the  electrolytic  process  [2].  The  time  of  second  diffusion  was 
varied  oetween  20  to  60  minutes  using  an  electric  field  of  30  volts/, tch.  The 
resulting  waveguides  were  polisned  and  analyzed  using  a  Scanning  Electron 
Microscope  (SEM)  to  get  the  estimate  of  their  widths.  Figure  4  shows  a  plot 
of  waveguide  widtn  w  (measured  oetween  961  peax  values)  versus  the  secend  step 
diffusion  time  indicating  that  symmetrical  Duried  waveguides  of  aroitrary 


Figure  4,  Relation  between  the 
wavenuide  width  and  the  second 
step,  field-assisted  diffusion 
time 
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widtn  in  the  range  of  6-16  urns  can  easily  Be  achieved  and  that  diffusion  depth 
exhibits  the  expected  /t  dependence. 


5.  Conclusion 

Design  curves  wnich  can  oe  used  to  determine  the  concentration  of  silver 
ions  and  the  time  of  diffusion  required  for  a  planar  waveguide  of  given  width, 
number  of  modas,  and  surface  index  change  are  reported.  A  simple,  new  tech¬ 
nique  which  uses  the  back-scattered  electrons  in  an  SEM  to  determine  the 
refractive  index  profile  and  waveguide  width  of  glass  waveguides  is  also 
described.  In  addition,  we  have  presented  a  procedure  for  fabricating  buried 
glass  waveguides  with  fiber-like  index  profile  of  varying  widths. 
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Ag+-Dlf fused  Craded-Index  Class  Waveguides: 
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Introduction 

In  a  conventional  optical  system,  the  index  of  refraction  of  each  optical 
component  is  homogeneous.  to  achieve  desired  operating  characteristics,  take 
for  example  a  lens,  usually  several  parameters  like  the  curvature,  the  thick¬ 
ness,  and  the  Index  of  refraction  are  varied.  In  many  other  systems,  often 
these  parameters  are  used  to  optimize  the  performance  of  a  device  under 
consideration.  However,  gradient- index  techniques  have  proven  to  be  useful  In 
the  design  of  Imaging  systems  [1)  and  guided  wave  optical  components.  For 
example,  axial  and  radial  gradients  have  been  used  to  correct  distortion  and 
chromatic  aberration  in  lenses  [2],  In  addition  to  the  fabrication  overlay 
lenses  [3]  fat  spectrum  analyzer  applications,  grad  lent- index  optical  devices 
have  been  used  in  the  design  of  multiplexers  [4)  for  communication  system 
applications.  In  addition,  graded  Index  waveguides  have  also  found  numerous 
applications  In  passive  and  active  optical  system  components.  In  particular, 
passive,  single  mode,  glass  waveguides,  compatible  with  single  mode  optical 
fibers,  are  expected  to  play  a  major  role  at  the  receiving  end  of  an  optical 
communication  system. 

Several  techniques,  e.g.  chemical  vapor  deposition,  polymerization,  lon- 
dlffusion  and  etc.  have  been  employed  to  obtain  refractive  index  changes  both 
in  glass  and  plastics.  Of  all  the  techniques,  ion-exchange  or  lon-lndi f f us  ion 
Is  the  most  popular  approach  in  fabricating  gradient-index  components  In 
glass.  At  University  of  Florida  our  emphasis  has  been  on  gradient-index 
optical  waveguides  for  passive  Integrated  optical  components. 

A  variety  of  monovalent  Ions  e.g..  It'*',  K+,  Cs+  and  Ag+  have  been  used  to 
fabricate  optical  components  (waveguides)  by  several  groups  around  the 
world.  Our  choice  of  Ag"*”  was  dictated  by  the  fact  that  not  only  pure 

(99.9991)  silver  electrodes  are  readily  available  for  electrolytic  release 
(5),  but  a  heavy  element  like  sliver  is  easily  amenable  to  SEM  analysis  for 
Index-profile  measurement  (6].  Besides,  the  in-sltu  measurement  of  Ag 
concentration  (7)  allows  the  replenishment  of  Ag"1-  as  needed.  Although  such  a 
scheme  facilitates  precise  control  of  the  fabrication  parameters,  fundamental 
understanding  of  the  diffusion  process  and  its  relationship  to  modal  charac¬ 
terization  is  essential  for  the  design  and  fabrication  of  both  the  gradient- 
index  and  passive  optical  components,  with  assured  repeatability. 

In  this  paper,  we  present  a  detailed  study  of  diffusion  of  silver  ions 
Into  the  glass  substrate  for  design  of  a  planar  waveguide  with  desired 
parameters,  with  specific  emphasis  on  the  influence  of  diffusion  time, 
electric  field  and  concentration  of  silver  ions  on  the  waveguide  parameters. 

Burled  wavguldes  with  nearly  symmetric  profile  have  been  fabricated  by  a 
two-step  diffusion  process  appropriately  assisted  by  the  application  of  an 
electric  field  at  each  step.  Assuming  that  Ag^*  concentration  profile 
corresponds  to  the  index  profile,  calculation  of  modal  field  profiles  indicate 
that  the  results  are  in  reasonable  agreement  with  the  predicted  field  profile. 
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Diffusion  Process 

The  fabrication  of  graded-index  glass  waveguides  is  accomplished  by  in¬ 
diffusion  of  Ag+  into  the  glass  substrate  at  elevated  temperatures  in  a  molten 
NaNO*  bath  that  contains  Ag+  ions.  The  refractive  index  profile  can  be 
tailored  to  desired  specifications  by  varying  the  different  process  parameters 
in  a  two-step  process  [8].  In  particular,  the  parameters  that  control  the 
buried  waveguide  properties  In  the  two-step  diffusion  process  are 

E^  ®  Tine  of  diffusion  and  applied  field  in  the  first  step  (NaNO^  4*  Ag+)  , 
t2»  =  Tine  of  diffusion  and  applied  field  in  second  step  (pure  NaftO^) , 

Cq  *  Silver  ion  concentration  in  the  bath, 

T  »  Fabrication  temperature  **  330°C. 


The  presence  of  an  applied  electric  field  during  the  diffusion  causes  the 
silver  ions  to  move  deeper  inside  the  glass  substrate  [8-10].  Moreover,  if  Cq 
equals  zero  in  the  second  step,  an  out-diffusion  of  silver  ions  appears  to 
occur  from  the  cover-surface  of  the  guiding  film.  The  buried  single  node 
waveguides  thus  fabricated  showed  the  expected  [8,10]  skewed  index  profile 
givi,.0  rise  to  modal  field  distribution  which  is  not  necessarily  optima  for 
maximum  power  coupling  into  a  single  mode  fiber. 

In  an  attempt  to  acquire  a  better  control  of  the  process  parameters  and 
understand  their  influence  on  the  waveguide  characteristics,  we  have  investi¬ 
gated  the  two-step  diffusion  process  using  the  electrolytic  release  technique 
[6]  in  detail.  To  begin  with,  we  studied  the  first  step  process  In  detail. 
For  small  concentration  of  Ag"^,  with  E^  =  0,  the  concentration  protile  is 


C(x,c)  -  CQ  erfc(— - — •)  ,  (V) 

2/Dt 

where  D  Is  the  self-diffusion  coefficient  of  Ag+  In  glass.  The  effective 
diffusion  depth  Wq  Is  specified  at  x  =>  2/Dt,  at  which  point  etfc  (1)  =■ 
0.157.  From  the  diffusion  depth  Uq,  obtained  for  bath  concentrations  of  the 
order  of  "  10  MF  or  greater,  we  obtain  a  value  of  D  =  0.23  um'/mln  for  Agr 
ln-dtffusion  Into  glass  substrate.  For  concentrations  Cq  <  10“  ,  0  appears  to 
decrease  monotonies lly  with  Cq.  This  behavior  Is  presently  being 

Investigated. 

Since  we  are  ultimately  Interested  in  comparing  the  diffusion  depth  W  as 
a  function  of  the  parameters  of  the  two-step  diffusion  process,  we  define  W  to 
represent  the  distance  between  the  1/e  points  on  the  SFM  profile  photograph. 
It  can  be  easily  shown  that  W  »  0-6-  Wq.  Fig.  1  shows  the  expected  square- 
root  dependence  of  W  on  dt_f^uslon  time  t^  for  two  different  values  of  Cq  .  For 
large  values  of  Cq  (>  10  ),  using  the  3bove  value  for  D,  we  estimate  the 
slope  of  W  vs.  /t"^,  be  0.68,  which  agrees  well  with  the  fitted  value  of  0.72 
shown  In  Fig.  1.  As  stated  previously,  this  value  monotonlcally  degreases 

with  decreasing  CQ  (Cq  <  10“^)  and  for  CQ  »  2  x  10"4,  D  *  0.1-  um“/'mtn. 
Although  we  used  Labmate  slides,  D  did  not  vary  a  great  deal  with  different 
laboratory  glass  slide  substrate-..  Dependence  of  U  on  Cq  Indicates  a  similar 
behavior  and  Is  not  expected  on  the  basis  of  theoretical  analysts  [10]. 

With  an  applied  field  In  the  first  step,  the  concentration  profile  is 
described  by  ( 1 1 )  , 


+  e  r  f  c  [  — — ]  1 
2/Dt 
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which  reduces  for  large  values  of  Eut,  specifically  for  Eut  >  5/Dt ,  Co 
C 

.  0  ,  ,x  -  Eut, 

C(x,t)  -  erfc[ — ; — ]  • 

2/Dc 


O) 


SEM  experimental  results  confirm  the  above  profiles  and  furthermore,  the 
results  Indicate  that  for  fields  larger  than  20  V/ca,  Eq.  3  Is  a  good  approxi¬ 
mation.  When  C/Cg  =  1/2,  the  effective  depth  of  diffusion  W  for  which 
erfc  *  l,  Is  given  by  Eut  +  2/Dt".  For  large  fields,  Eut  >>  2/dF  and 
therefore,  W  approximately  equals  Eut  In  this  case.  For  Ag+  diffusion  in 
glass  during  the  first  step,  at^a  field  of  =>  30  V/mm  for  t^  -  45  min.,  u 
was  determined  to  be  15.55  pm'/V-raln.  Fig-  2  shows  the  expected  linear 
relationship  between  the  measured  values  of  W  from  SEM  measurements  and  the 
time  of  diffusion  t  ^ . 

However,  to  obtain  a  burled  symmetrical  profile,  it  Is  necessary  to 
utilize  a  two-step  process  where  the  second  step  diffusion  Is  carried  out  in 
pure  'll  NO-. .  The  dependence  of  the  diffusion  depth  on  different  fabrication 
parameters  In  the  two-step  process  have  been  studied  in  detail.  The  burled 
depth  of  che  final  waveguide  can  be  altered  by  judicious  choice  of  the  two- 
step  process  parameters  viz  t^,  E^ ,  t,  and  E^-  Fig.  3  shows  a  SEM  photograph 
of  two  such  profiles  with  the  surfaces"  of  the  wavegulding  films  placed  agalnsc 
each  other.  Diffusion  was  carried  out  with  Cg  »  2  x  10"  MF  and  T  »  330°C. 
The  Index  profile  on  the  right  In  Fig.  3  shows  the  effect  of  a  non-rero 
eleccrlc  field  in  the  first  step  keeping  all  other  parameters  che  same  In  the 
two  runs.  The  presence  of  E^  causes  higher  peak  Index  and  larger  diffusion 
depth-  The  latter  effect  Is  rather  obvious  since  the  applied  electric  field 
Increases  che  penetration  depth  of  Ag  ions.  However,  the  large  peak  Index  Is 
caused  by  che  particular  experimental  configuration  used  In  the  first  step 
which  allows  the  concentration  CQ  near  the  substrate  to  Increase  locally  due 
to  the  electric  field  and  can  nearly  be  eliminated  If  required  by  adjusting 
the  position  of  the  anode. 

Dependence  of  W  on  t.  In  the  two-step  process  Indicates  that  W  Increases 
with  t.  In  a  similar  fashfon,  for  different  values  of  C„  and  E,  .  However,  for 
a  given  Cg  and  t^,  Increasing  Ej  Increases  the  width  w  linearly.  These  and 
other  diffusion  characteristics  will  be  discussed  In  detail. 


Field  Profile  Determination 

The  intensity  protlle  of  the  waveguide  was  measured  by  using  a  video 
camera  In  conjunction  with  an  oscilloscope.  The  waveguide  was  excited  using  a 
prism  coupler  and  the  output  pattern  focused  on  the  camera.  The  frame  and 
line  pulses  from  che  video  signal  were  used  to  trigger  the  oscilloscope  and  to 
select  a  particular  line  for  the  display  of  the  video  signal  as  vertical 
output.  The  horizontal  scale  of  the  oscilloscope  was  carefully  calibrated  to 
give  the  mode  lncenslty  profile  directly  on  the  screen. 

Inserts  In  Fig.  4  shows  photographs  of  the  fundamental  and  the  next 
higher  order  mode  of  a  planar  glass  waveguide  fabricated  with  one-step 
diffusion  (E^  =  E^  *  t^  ”  0).  For  this  waveguide  with  erfc  complimentary 
Index  profile,  V  7.80C  and  only  two  modes  arc  guided.  Numerical  solutions 
for  highly  asymmetrical  waveguides  [12]  were  used  to  calculate  the  modal 
profile.  The  experimental  results  agree  fairly  well  (Fig.  4)  with  the 
predicted  profile  and  will  be  discussed  in  detail. 
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\bstract— A  detailed  theoretical  and  experimental  study  of  Ag'-Na* 

.  hanye  in  soda-lime  silicate  glasses  in  a  molten  bath  containing  a 
vture  of  NaNOi  and  Ag'  is  presented.  With  no  applied  Held,  con- 
•tration  profiles  C(t.  /)  (and  therefore,  the  index  profiles  For  Itm  eon- 
■t  rations)  are  given  by  complementary  error  function.  The  esti- 
ied  value  for  the  self-diffusion  coefficient  D  of  Ag*  is  0. 133  jiitr/min 
low  concentrations  and  it  monolonically  increases  with  the  surface 
icentration  C0  until  il  saturates  at  about  0.3  /<m:/min  for  C{)  S:  10'  * 
However,  square  root  dependence  of  diffusion  depth  with  time 
ms  to  he  independent  of  the  C«. 

Presence  of  an  external  field  E  causes  the  effective  depth  of  diffusion 
increase.  In  fact,  for  large  E  fields,  the  profile  can  accurately  be 
«cribed  by  C'C>  =  j  ecfc(.v'  —  r)  where  r  =  nEt>'>i2Dt  where  n  is  the 
ic  mobility  of  Ag *  in  glass.  We  define  a  new  diffusion  depth  W  as 
distance  from  the  surface  to  the  \!e  concentration  point,  and  for 
ge  fields,  W  varies  linearly  w ith  E  and  i.  Experimental  results  >  telded 
alue  of  15.55  j*nr/V  •  ;r. in  for  m-  As  before,  square  root  dependence 
IE  with  f  and  the  linear  variation  of  IE  versus  Ck  for  0,  <  10"  *  MF, 
th  IF  saturating  for  C„  >  10  ‘  ME.  wer„*  observed  in  the  case  of  field 
Nisted  diffusion. 

V  two-step  process,  where  a  surface  waveguide  formed  in  the  first 
p  with  either  E  equal  to  /ero  or  some  finite  value,  is  modified  by 
rforming  a  second  diffusion  in  pure  sodium  nitrate  to  produce  a  bur- 
I.  symmetrica)  fiber-like  profile.  This  process  is  also  studied  in  detail. 


I.  Introduction 

RECENTLY,  glass  waveguides  have  received  consid¬ 
erable  attention  because  of  their  compatibility  with 
'ingle-  and  multimode  optical  fibers.  They  are  expected 
to  form  the  basis  for  passive  integrated  optical  compo¬ 
nents.  not  only  in  the  receiving  end  of  an  optical  com¬ 
munication  system,  but  also  in  hybrid  (optical  and  elec¬ 
tronic)  systems  as  well  as  in  other  special  applications. 
The  ion-exchange  technique  seems  to  he  the  most  com¬ 
mon  approach  for  fabricating  crad  -d-index  waveguides  in 
glass  |l]-[8]. 

Recent  efforts  [6|  in  the  fabrication  cf  ion -exchanged 
waveguides  have  resulted  in  the  improved  electrolytic  re¬ 
lease  technique  (9|.  This  technique  provides  opportunities 
to  control  the  ion  concentration  [  I  Of  during  diffusion,  thus 
permitting  fabrication  of  passive  glass  waveguides  with 
assured  repeatability  [II],  Precise  control  of  concentra¬ 
tion  profile  is  quite  important  because  glass  waveguide 
components,  unlike  their  counterpart  in  Ti-ditiused 

Manuscript  received  June  2X.  1‘JS.V  revised  December  17.  |0S5  This 
work  w  is  supported  bv  the  U  S.  \tr  Force  Ollice  of  Scientific  Kescjrch 
under  Contract  AEOSK  S4-0369. 

The  authors  arc  with  the  Department  of  Electrical  Engineering.  Univer¬ 
sity  of  Florida.  Gainesville.  R.  32M  I 
IEEE  Log  Number  S60S3U5. 


LiNbO(  waveguides,  cannot  be  tuned  electrooptically  to 
compensate  for  fabrication  errors.  Typical  TiiLiNbO) 
single-mode  waveguides  are  about  2  deep,  with  the 
peak  of  their  refractive  index  located  at  or  very  near  the 
surface.  Ti :  LiNb03  channel  waveguides  of  small  strip 
widths  with  such  shallow  diffusion  depths  couple  rather 
poorly  to  single-mode  optical  fibers  because  of  significant 
modal  mismatch.  Moreover,  the  coupling  toss  increases 
with  decreasing  guide  widths  [12].  On  the  other  hand,  a 
two-step  diffusion  process  [  13]  allows  the  refractive  index 
to  be  adjusted  in  the  depth  direction,  thus  permitting  the 
realization  of  buried,  symmetrical  waveguides  with  liber- 
like  refractive  index  profile. 

In  this  paper,  an  ion-exchanged  process  in  glass  is  de¬ 
scribed  involving  the  cation  Ag*.  Section  II  presents  a 
simple  analysis  of  the  single-step  Ag'-Na*  ion-exchange 
process  with  and  without  the  presence  of  an  applied  elec¬ 
tric  field  used  to  enhance  the  diffusion.  Section  III  pre¬ 
sents  a  detailed  experimental  study  of  both  the  single-step 
and  the  two-step  diffusion  process  and  the  associated  pa¬ 
rameters  that  con'rol  the  refractive  index  profile  and  the 
dimensions  of  the  buried  waveguide.  In  addition,  a  back- 
scattered  scanning  electron  microscope  (SEM)  technique 
[13]  to  measure  the  depth  of  diffusion  and  its  dependence 
on  the  applied  field,  the  time  of  diffusion  in  each  step, 
and  the  concentration  of  silver  ions  in  the  bath  is  dis¬ 
cussed  in  detail.  Besides  providing  a  better  understanding 
of  the  Ag^-Na*  interditfusion  phenomenon  which  is  ap¬ 
plicable  to  similar  ion  exchanges,  the  results  are  useful  in 
the  design  of  single-  and  multimode  waveguides  using  the 
process. 

II.  Theoretical  Analysis 
A.  huerdiffusion  Model 

Optical  waveguides  in  glass  substrates  are  often  fabri¬ 
cated  by  creating  a  layer  of  higher  refractive  index  on  the 
surface  of  the  substrates.  This  can  be  accomplished  by  the 
diffusion  of  monovalent  atoms  of  higher  polarizability, 
c.g..  cesium  1 1 1,  rubidium  [  1 1,  potassium  (2|.  silver  ]3]  - 
(6).  and  thallium  |7j.  |8|.  Although  the  diffusion  of  one 
of  the  above  ionic  species  into  an  isotropic,  homogeneous 
medium  such  as  glass  could  conceivably  create  the  req¬ 
uisite  increase  in  refractive  index,  it  is  widely  believed 
that  ions  of  higher  pola rizabi I itv  actually  exchange  ]l|- 
]8)  with  those  already  present  in  the  glass,  thus  preserving 
charce  neutrality.  Glass  constituents  consist  of  formers. 
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intermediates,  and  glass  modifiers;  specifically,  the  alkali 
ions  of  the  network  modifier  (e.g.,  Na*)  are  believed  to 
exchange  with  the  external  ions  (e.g..  Ag*)  diffusing  into 
the  glass,  thus  preserving  the  structural  integrity  of  the 
glass  substrates. 

The  ionic  mobility  of  the  indigenous  species  is  usually 
differ*  nt  from  that  of  the  incoming  species.  Unequal 
transport  properties  of  these  ions  will  in  turn  create  a  lo¬ 
calized  imbalance  in  the  charge  distribution  in  the  glass, 
thus  giving  rise  to  a  potential  difference.  The  induced  field 
will  assist  the  movement  of  the  slower  ions  while  imped¬ 
ing  the  progress  of  the  faster  ions.  This  in  turn  will  bal¬ 
ance  the  interdiffusion  of  the  ions  bv  making  their  flow 
rate  equal  and  thereby  maintaining  the  charge  neutrality. 

If  ion  exchange  indeed  occurs  between  an  incoming  ca¬ 
tion  A  and  an  indigenous  cation  B.  the  process  is  often 
described  by  writing  for  each  species  the  Fick's  law  [14] 
in  one  dimension,  except  that  the  self-diffusion  coefficient 
in  the  equation  is  replaced  by  an  interdiffusion  coefficient 
D  [15]: 

D.Do 

D  =  -  (1) 

A/^D.,  +  AfiDg 

where  .V,  (/  =  .4.  B)  is  the  mole  fraction  of  exchangable 
ions.  i.e..  the  ratio  of  the  concentration  of  species  i  to  the 
total  concentration  and  D,  is  the  self-diffusion  coefficient 
of  the  species  i. 

Therefore.  Fick's  law  in  one  dimension  becomes  the 
diffusion  equation 


concentration  CA  is  small,  the  diffusion  coefficient  DA  of 
the  incoming  ions  is  unaffected  by  their  presence  inside 
the  glass  substrates.  This  implies  that  D  A  is  independent 
of  the  position  .t  and  the  diffusion  equation  (2)  further  re¬ 
duces  to  the  simplest  case 


dC  d2C 
dt  ~  °  d.r 


(3) 


where  we  have  dropped  the  subscript  A  as  we  are  dealing 
with  only  one  species. 

Fabrication  of  planar  waveguides  requires  the  diffusion 
of  atoms  with  higher  electronic  polarizability  into  a  glass 
substrate  placed  in  a  large  molten  salt  bath  that  also  con¬ 
tains  an  indigenous  species  already  present  in  the  glass. 
Usually  the  diffusing  ion  concentration  is  small  compared 
to  that  of  the  indigenous  species.  A  typical  example  would 
be  the  presence  of  a  small  concentration  of  silver  ions  in 
a  sodium  nitrate  bath  and  the  diffusion  of  silver  ions  into 
a  semi-infinite  glass  substrate.  If  the  substrate  contains  no 
silver  ions  to  start  with,  then  the  simple  diffusion  equation 
given  by  (3)  applies.  To  solve  (3),  we  also  require  the 
concentration  C0  of  Ag  * .  although  small,  be  held  constant 
at  all  times.  Therefore,  the  initial  and  the  boundary  con¬ 
ditions  are 


and 


C(...  ')  =  0  at  r  >  0 


C(0,  t)  -  C0  for  all  i  >  0.  (4) 


dCA 

dt 


(2) 


Solution  of  (2)  is  dictated  by  the  nature  of  the  diffusion 
coefficient  D.  As  seen  from  (1).  D  depends  on  the  con¬ 
centration  of  the  diffusing  species  and  varies  as  a  function 
of  position  .r  in  the  glass.  This  implies  that  (2)  must  be 
solved  to  determine  the  distribution  Ci  of  the  incoming 
species  A.  For  the  case  of  a  semi-infinite  glass  substrate 
containing  initially  none  of  the  incoming  species  and  in 
contact  with  a  salt  bath  which  includes  the  species  ,4  with 
its  concentration  C„  constant  at  the  interface.  Crank  has 
presented  the  numerical  integral  solutions  of  Fujita  in  nor¬ 
malized  monograph  form  [I4|.  Crank's  graphical  repre¬ 
sentation  of  CCi  versus  a/  li'o,  with  DaDr  as  the  param¬ 
eter  where  ft',,  (=2v/3n  is  the  depth  of  diffusion,  renders 
Fujita'a  solutions  useful. 


B.  Self-Diffusion  Equation  M  illion!  External  Electric 
Field 


The  solution  of  (3)  under  these  conditions  is  the  well- 
known  complementary  error  function  [14] 


Ct.T.  r)  =  C0  eric 


/-  t\ 


w 


(5) 


where 


and 


Ik'n  =  IsIDt 


2  r" 

eric  (:)  =  ~=  \  da. 

V  7T  ; 


(6) 


tt'o  is  called  the  effective  depth  of  diffusion  w  ithout  the 
application  of  external  field  and  corresponds  to  that  dis¬ 
tance  from  the  waveguide  surface  where  C/C,,  =  erfc(l) 
=  0.157.  Curve  (a)  in  Fig.  1  (dashed  line)  shows  a  nor¬ 
malized  plot  of  erfc  function  (5). 


C.  Self-Diffusion  with  External  Electric  Field 


In  special  cases,  however,  the  interdiffusion  coefficient 
D  is  essentially  the  same  as  the  self-diffusion  coefficient 
Da  of  the  incoming  species  A.  One  such  case  is  when  the 
self-diffusion  coefficients  are  equal.  Inspection  of  (I)  re- 
vea. ,  that  when  /),  —  D„  and  since  ,V,  +  ,\H  =  I.  the 
interdiffusion  coefficient  L)  equals  /) ,.  Another  case  arises 
when  the  molar  concentration  C,  of  the  incoming  species 
is  quite  small,  i.e.,  ,V,  =  0  and  ,VH  -•  1.  As  a  result.  D 
approaches  l) ,  in  this  case  as  well.  However,  since  the 


The  diffusion  of  incoming  cation  can  be  enhanced  by 
applying  an  external  held  to  the  substrate.  Fick's  equation 
tor  the  ionic  current  density  J  can  be  modified  to  include 
the  drift  of  the  incoming  ion  due  to  the  external  electric 
field  E  in  the  forward  direction: 

ac 

J  =  -D  —  +  n  EC  (7) 

Jx 

where  »  is  the  ionic  mobilitv  of  the  incoming  species  in 


159 


ramaswamy  and  najafi  diffusion  characteristics  of  GLASS  WAVEGUIDES 


!g.  I.  Plot  of  concentration  versus  normalized  depth  using  exact  and 
approximate  1 10)  equations  for  different  values  of  r  (  **nEti2  v£>/>. 


he  host  glass  substrate.  As  before,  if  we  assume  that  D 
nd  n  are  independent  of  position  .r  in  the  substrate,  and 
f  we  further  assume  that  for  low  concentration  the  term 
.C(dE/dX)  can  be  ignored,  we  obtain 


dC  d'C  „dC 

dr  dr  dx 


(8) 


For  diffusion  into  a  semi-infinite  glass  substrate  with 
he  same  initial  and  boundary  conditions,  viz.  initially, 
’he  concentration  inside  the  substrate  is  zero  and  the  con¬ 
centration  at  the  surface  is  held  constant  at  all  times,  the 
solution  to  (8)  is  given  by  (16] 

C(.v',  r)  -  (t'4rt  erfc  (x'  +  r)  +  erfc  t.v'  -  r)]  (9) 

where  ,r'  =  ,v/IT0  =  xflsfot  is  the  normalized  effective 
depth  of  diffusion  without  external  field  and  r  is  the  ratio 
of  the  depth  of  diffusion  due  to  the  electric  field  to  the 
effective  no-field  depth  IT0,  i.e.,  r  =  /t£7/IT0  =  ^ Er / 
I-Idi.  For  large  values  of  ^Er.  since  erfc  approaches  zero 
with  increasing  x  at  a  faster  rate  than  the  growth  of  the 
exponential  term,  the  contribution  by  the  first  term  is  neg¬ 
ligible  and  the  above  equation  can  be  further  approxi¬ 
mated  as 


r 

C(x'.  r)  =  ~  (erfc  (,v '  -  r)].  r  >  2.5.  (10) 

Fig.  1  shows  the  dependence  of  the  diffusing  ion  con¬ 
centration  on  the  normalized  position  v'.  The  dashed  curve 
(a)  represents  the  case  of  zero  external  electric  field  and 


r.  The  shape  of  the  curve  in  the  region  r'  >  r  ts  the  well- 
known  erfc  profile.  However,  in  the  region  r’  <  r.  the 
negative  argument  of  the  complementary  error  function 
results  in  an  antisymmetric  (or  inverse)  profile  about  the 
point  x'  =  r  since  erfc  ( -;)  =  2  -  erfc  (;). 

A  few  words  about  the  definitions  of  the  depth  of  dif¬ 
fusion  are  in  order.  In  the  case  of  r  —  0,  IT0  ( =  2\Dr)  is 
an  appropriate  measure  and  corresponds  to  that  position 
in  the  substrate  where  C/C„  —  erfc(l)  =  0.157.  However, 
for  non-erfc  profiles  obtained  in  the  presence  of  low  ex¬ 
ternal  electric  fields  or  buned  symmetric  profiles,  achieved 
by  using  the  two-step  process  [13]  and  which  are  de¬ 
scribed  in  detail  later  in  this  paper,  this  definition  is  not 
adequate.  The  problem  can  be  best  illustrated  by  consid¬ 
ering  the  case  of  large  field-assisted  diffusion.  If  we  define 
the  effective  depth  as  before  as  the  point  x  al  which  the 
argument  of  the  complementary  error  function  equals  1 , 
then  as  seen  from  (10).  the  depth  of  diffusion  now  repre¬ 
sents  the  point  x  where  C/Co  =  0.079  rather  than  0. 157. 
We  need,  therefore,  a  different  definition  for  the  effective 
depth.  There  are  two  other  choices  worth  considering. 

1)  IT,  ;  =  that  value  of  x  for  which  C/C„  =  ■>.  This 
seems  appropriate  as  it  has  the  advantage  in  that  for  r  > 
2.5.  the  effective  depth  of  diffusion  IT,,,  represents  the 
position  of  the  half  concentration  point  and  equals  nEr. 
the  field-assisted  contribution  (actual  translation,  in  the 
case  of  large  fields)  to  the  normal  diffusion  obtained  for  r 
=  0. 

2)  IT  =  that  value  for  which  C/C,  =  Me.  This  defini¬ 
tion  seems  convenient  for  defining  the  width  of  symmetric 
or  quasi-symmetric  index  profile  obtained  in  the  two-step 
process  where  the  width  of  the  profile  is  represented  by 
the  distance  between  the  points  which  have  concentra¬ 
tions  given  by  C/C,)  =  l/e  w  here  Co  now  is  the  peak  value. 

The  latter  definition  for  the  diffusion  depth  IT  for  all  the 
cases  including  the  no-field  case  (r  =  0)  requires  recon¬ 
sideration  of  the  two  extreme  cases,  namely,  r  ~  0  and  r 
>  2.5.  in  order  to  relate  the  depth  IT  to  fTn. 

1)  r  =  0.  For  the  no-field  case,  setting  r  =  0  in  (9) 
yields  the  same  relationship  as  stated  by  (5).  viz.  C.'C,,  = 
erfc  U')  =  erfc  (v/2 vDi).  At  the  position  where  C.  C„  = 
Me  =  0.368.  the  argument  of  the  complementary  error 
function  v’(  =  xl2s/Dn  must  equal  0.64_.  Thus,  the  effec¬ 
tive  depth  of  diffusion  IT  =  0.64  (2  si Dt).  In  other  words. 

IT  =  0.64  IT,,  (11) 

and  tlii-s  can  ho  easily  verified  from  the  dashed  curve  (a) 


curves  tb)-(d)  correspond  to  the  increasing  electric  field 
associated  with  the  ratio  r  =  l,  2.5,  and  4.  respectively. 
The  dashed  curves  show  the  behavior  for  large  field  ap¬ 
proximation  as  given  by  (10).  It  can  be  seen  that  as  \iEr 
increases,  the  field-assisted  ditfusiondominues  the  pro¬ 
cess,  and  for  n El  >  2  5  ft',,  (  =  SJl/r),  (10)  becomes  an 
excellent  approximation  for  the  general  solution  given  by 
(9).  Furthermore,  for  fiEt  >  2.5  fT„.  C/C„  always  equals 
0.5  at  x‘  =  r.  i.e..  at  x  —  nEr.  In  fact,  under  the  large 
field  approximation  (r  >  2.5),  the  argument  of  the  com¬ 
plementary  error  function  (10)  is  positive  only  when  x  '  > 


in  Fig  I  bv  inspecting  the  position  v’  at  which  C  C„  = 
0.368. 

2)  r  >  2.5.  Following  the  above  procedure,  it  can  he 
shown  by  considering  1 10)  that  the  normalized  depth  r' 
for  which  C  C„  =  0.368  is  given  by  r'  =  t  +  0.24. 
Therefore'. 

IT  =  n El  +  0.24  It,,.  (12) 

For  extremely  large  values  of  E.  IT  =  ;<£/. 

Hereafter,  we  will  denote  ihe  depth  of  diffusion  by  IT 
for  all  the  cases  including  the  no-field  (r  =  0)  case. 
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III.  Experimental  Results 
A.  Self-Diffusion  Without  Applied  Electric  Field 

Our  experiments  were  carried  out  by  using  soda-lime 
silicate  laboratory  (Fisher  Brand)  glass  slides,  immersed 
in  a  bath  of  molten  sodium  nitrate  at  330°C  containing  a 
small  amount  of  electrolytically  released  silver  ions  (9] . 
The  bath  was  stirred  to  assure  uniform  concentration  of 
Ag4  in  the  bath.  Concentration  C(,  of  Ag'  varied  from  2 
x  10-4  to  2  x  10~3  MF  where  I  mmole  fraction  ( 1 0 ~ ' 
MF)  corresponds  to  =0.5  g  of  Ag*.  released  into  a  mol¬ 
ten  bath  of  400  g  of  NaNOj. 

First  diffusion  of  Ag4  ions  into  the  glass  substrate  was 
carried  out  for  30  min  with  no  external  held  (£  =  0)  and 
with  Co  =  2  x  10'4  MF.  For  such  small  concentrations, 
according  to  (5),  we  expect  an  error  function  complement 
profile  irrespective  of  whether  Ag4  exchange  with  the 
constituent  Na4  or  self-diffuse  into  vacant  or  interstitial 
sites  in  the  glass  matrix.  The  photograph  shown  in  Fig.  2 
shows  the  depth  profile  of  silver  ions  in  the  glass  substrate 
obtained  by  detecting  the  backscattered  electrons  when  the 
sample  is  bombarded  by  high-energv  (25  kV)  electrons  in 
a  scanning  electron  microscope  (SEM).  On  account  of  the 
higher  atomic  weight,  contribution  of  silver  atoms  to  the 
yield  of  backscattered  electrons  is  much  higher  than  that 
of  other  constituents  [17].  Samples  were  prepared  by 
epoxymg  a  small  glass  pad  made  of  the  same  material  as 
the  glass  substrate  over  the  waveguide  suiface.  then  pol¬ 
ishing  across  the  edge  of  the  waveguide,  and  finally  de¬ 
positing  about  50  A  thick  carbon  film  over  the  viewing 
sample  to  avoid  any  charge  buildup.  The  dip  in  the  profile 
to  the  left  of  the  waveguiding  surface  identifies  the  epoxy 
region  which  does  not  contribute  to  backscattered  elec¬ 
trons.  As  seen  from  Fig.  3,  the  silver  ion  protile  of  Fig. 
2.  w'hen  replotted,  by  assuming  the  zero-crossing  point  to 
be  the  waveguide  surface  of  the  epoxy  glass  sample  in¬ 
terface.  agrees  very  well  with  the  predicted  erfc  profile 
(5).  By  minimizing  the  sum  of  the  square  of  the  errors, 
the  value  of  D  that  best  fitted  the  data  is  0.133  gnr'min. 
which  agrees  very  well  with  the  value  of  0.13  gnr/min 
obtained  from  the  modal  characteristics  of  these  wave¬ 
guides.  results  of  which  are  presented  elsewhere  [  IS].  The 
effective  depth  of  diffusion  IT,,,  specified  at  v  =  2\Dt  (at 
which  point  the  argument  of  erfc  is  1  and  C.  C„  =  0.157) 
equals  3.98  ;tm  and  agrees  very  well  with  the  SEM  data 
of  samples  dilfuscd  at  330°C  for  30  min.  In  fact,  the  value 
of  D  for  Ag‘  in  glass  did  not  vary  very  much  between 
soda-lime  silicate  glasses  from  various  vendors  (Fisher, 
Schott,  and  Labmate). 

Several  planar  waveguides  were  fabricated  without  anv 
applied  lield  by  vary  ing  the  time  of  dillusion  tor  two  con¬ 
centrations  C,i  =  2  x  10"*  anu  2  x  II)  1  MF.  Measured 
values  of  IF  exhibit  a  square  root  dependence  on  t .  as  ex¬ 
pected  from  (5).  and  this  is  experimentally  verified  as 
shown  in  Fig,  4.  For  relatively  small  concentrations  <C„ 
=  2  x  10  4  MF),  the  estimated  constant  of  proportion¬ 
ality  equals  0.48.  As  seen  from  (II).  this  must  equal  the 
constant  of  proportionally  1.28 \/d.  This  implies  a  value 


Fig.  2.  Ag  f  profile  of  a  planar  waveguide  fabricated  by  a  first-step  dillu- 
sion  without  applied  electric  field. 


X(Mm)  | 

Fig.  3.  Comparison  of  the  expenmentalK  measured  index  profile  of  Fig. 

2  to  the  theoretical  prediction.  » 


Fig  4  V,i  rut  ion  of  diffusion  depth  with  time  in  one -step,  without  applied 
electric  held,  diffusion  process 

of  D  -  0. 14  /tnr/min  and  agrees  quite  well  with  our  pre¬ 
vious  result  derived  from  Fig.  2.  However,  as  concentra¬ 
tion  is  increased  above  this  value.  D  increased  as  well. 
As  seen  from  the  IF  versus  t ,  curve  tor  the  larger  concen¬ 
tration  (Cn  =  2  x  101),  D  =  0.32  jiiir'min.  which  is 
about  a  factor  of  two  larger  than  that  tor  the  lower  con¬ 
centration.  We  will  further  discuss  the  dependency  of  D 
on  concentration  C,,  in  the  following  paragraph.  The  sub¬ 
scripts  I  and  2  of  parameters  E  and  t  in  Fig.  4  identify 
each  part  of  the  two-step  dillusion  process  described  later. 
For  the  present,  with  the  single-step  dillusion  process.  £> 
=  t:  =  0  and  1 1  *  0. 
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Fig.  5.  Variation  of  diffusion  depth  with  bath  concentration  in  one-step 
diffusion  process. 


Fig.  6.  Ag*  profile  of  a  planar  waveguide  fabricated  by  a  first-*tcp  diffu¬ 
sion  wuh  applied  electric  field 


TABLE  I 

Diffusion  Coefficient  Versus 
Concentration 


C„  (MF) 

D  (jinr/mini 

2  x  ur' 

0.28 

14  x  10' ' 

0  28 

1  x  10' ' 

0.25 

6  x  10  4 

0.21 

2  x.  10"" 

0.14 

Curve  (a)  in  Fig.  5  shows  the  dependence  of  the  depth 
of  diffusion  IF  on  the  silver  ion  concentration  C„  for  £,  = 

0  and  1 1  =  30  mm.  According  to  the  simple  theory  for 
low  Ag*  concentrations.  IV  should  be  independent  of  C„ 
as  D  represents  the  self-diffusion  coefficient  of  incoming 
silver  ions  in  glass.  Instead.  IF  increases  monotonically 
with  C()  until  C0  =  10~3  N1F  and  then  begins  to  saturate. 
Table  I  shows  the  dependence  of  D,  estimated  from  the 
diffusion  depth  (IF),  versus  concentration  (C„)  data. 

This  dependence  indicates  the  existence  of  a  concentra¬ 
tion-dependent  D  even  at  such  low  concentration,  even 
though  for  a  given  Co,  IF  varies  as  \ft  as  evidenced  by 
Fig.  4.  Saturation  of  IF  with  increasing  C0  could  very  well 
mean  that  Ag*-Na*  exchange  indeed  occurs  and  that  no 
further  sites  for  Ag*  indiffusion  are  available  or  that  the 
Ag*  in-diffusion  has  possibly  reached  the  solubility  limit. 
However,  lower  values  of  D  for  low  concentrations  are 
rather  unexpected,  and  the  exact  diffusion  mechanism  that 
is  respunsinie  for  the  IF  versus  C0  behavior  is  presently 
under  investigation.  Furthermore,  the  question  of  whether 
a  simple  ion  exchange  through  a  liquid-solid  interface 
produces  a  concentration-dependent  diffusion  needs  to  be 
resolved.  It  does  not  appear  that  the  diffusion  is  restricted 
to  a  simple  case  of  self-diffusion  of  silver  ions.  Curve  (b) 
in  Fig.  5  will  be  discussed  in  the  following  section  under 
self-diffusion  with  applied  electric  field. 

B.  Self-Diffusion  with  Applied  Electric  Field 

The  SEM  picture  of  Fig.  6  shows  the  Ag*  profile  for 
diffusion  at  330°C  for  C„~=  2  x  10  \  E,  ~=  45  V/intu. 
and  f|  =  30  min.  Again,  subscript  1  identifies  the  first, 
and  in  this  case,  the  only  step  in  the  diffusion  process. 
Fig.  7  shows  data  points  of  the  SEM  profile  of  Ag*  for 


Fig.  7.  Comparison  of  measured  index  profile  of  Fig  6  lo  the  theorcuc.il 
prediction. 


Fig.  8  Variation  of  dilVuMon  depth  with  time  in  one-step,  with  applied 
electric  held,  diffusion  process. 

£i  =  45  V/mm.  f,  =  30  min.  With  D  =  0.133  /utr/min. 
the  best  theoretical  lit  1 1 9 i  obtained  for  u  —  15.55  ftnr/ 
V  -  min  is  'hov.n  as  the  commons  curse.  As  seen  from 
Fig.  7,  /rE|/|  =  21.5  /mi  at  C/C, ,  =  v  Since  the  ratio  r  is 
clearly  greater  than  2.5.  as  described  earlier.  IF,  ,  = 
#iEi/|.  anti  as  seen  from  (12).  the  effective  depth  of  dif¬ 
fusion  IF  =  ftE,/,.  illustrating  the  dominance  of  field-as¬ 
sisted  diffusion.  This  point  is  further  illustrated  in  Fie.  8 
where  the  effective  diffusion  depth  IF.  in  the  presence  of 
an  applied  electric  field  of  30  V  mm  for  C0  =  2  x  |()  1 
MF.  is  plotted  against  /,.  For  r,  =  15.  30.  and  45  min.  r 
=  1.6,  2.3.  and  2.S.  respectively.  The  solid  line  repre¬ 
sents  the  field-assisted  diffusion  depth  i.c..0.47  r,. 

and  surprisingly,  as  seen  in  Fig.  8.  IF  agrees  very  well 
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Fig.  9.  Ag*  profile  of  two  planar  waveguides  (stuck  face  to  face)  fabri¬ 
cated  by  a  first-step  diffusion;  left:  without  field,  right:  with  field. 

with  the  measured  values,  although  r  values  are  relatively 
low. 

Variation  of  If7  versus  Cn  with  £,  =  10  V/mm  and  /,  = 
30  min,  shown  in  curve  (b)  in  Fig.  5,  discussed  in  the  last 
section,  exhibits  a  similar  dependence  as  curve  (a).  H-' sat¬ 
urates  as  before  for  C0  >  10'  *,  and  for  this  case.  D  = 
0.3  /arm/min.  Therefore.  IT,,  equals  6.0  ftm  and  ri£|/,  = 
4.67  nm.  This  is  an  intermediate  case  where  r  =  0.78. 
and  as  such,  there  is  no  dominance  of  field-assisted  dif¬ 
fusion  yet.  From  Fig.  1.  it  is  seen  that  W  =  1 .2  Ifn.  How¬ 
ever,  measured  values  in  Fig.  5(b)  are  about  36  percent 
less.  In  fact.  W  equals  nEtt:,  and  this  result  is  in  accor¬ 
dance  with  the  data  shown  in  Fig.  8.  Although  the  data 
agree  well  with  r  =  0  and  2.5,  for  values  of  r  in  between, 
the  theory  does  not  seem  to  be  valid.  This  behavior  seems 
to  indicate  that  the  theoretical  model  is  not  quae  appro¬ 
priate.  Comparison  of  the  diffusion  to  a  low  field  £,  should 
be  slightly  larger  than  0.64  W0  and  much  smaller  than  the 
depth  p£,r,  +  0.24  ff'0  corresponding  to  large  £,.  The 
measured  difference  should  be  less  than  the  calculated 
value,  which  is  about  2.3  ^m.  Comparison  of  curves  (a) 
and  (b)  in  Fig.  5  reveals  indeed  a  shift  of  only  =s  1  /am 
due  to  the  field  of  10  V/mm.  Whatever  the  mechanism  is 
of  diffusion  without  the  applied  field,  a  translation  of  the 
concentration  profile  occurs  due  to  the  electric  field.  The 
effective  depth  of  diffusion  IF  equals  the  translation  depth 
n£|0  for  both  small  and  large  fields,  although  the  theory 
predicts  this  behavior  only  when  r  =  ^£lr,/2V/7r,  2:  2.5 
since  the  self-diffusion  contribution  is  negligible  only  in 
this  region. 

Another  effect  that  was  observed  is  illustrated  in  Fig. 
9.  Here  two  waveguide  surfaces  fabricated  under  the  same 
conditions,  viz.  concentration  in  the  bath  C„  =  2  x  10". 
t,  =  30  min,  and  T  =  330'C,  except  that  the  guide  on 
the  left  was  made  with  £,  =  0  and  the  one  on  the  right 
with  £ i  =  10  V/mm.  According  to  (9),  concentration  at 
the  surface  (v'  =  0)  should  be  the  same  for  both  wave¬ 
guides,  namely.  C„.  regardless  of  the  value  of  r.  How¬ 
ever,  the  SEM  picture  in  Fig.  9  shows  that  the  concentra¬ 
tion  on  the  surface  in  the  case  of  diffusion  with  electric 
field  is  slightly  higher.  The  explanation,  we  believe,  lies 
in  the  fact  that  the  finite  conductivity  of  the  molten  NaNO-, 


bath  (measured  to  be  0.004  0  /cm)  supports  an  electric 
field  between  the  glass  surface  that  is  in  contact  with  the 
bath  and  the  aluminum  foil  anode  placed  10  mm  directly 
beneath  it.  The  lield  is  applied  between  the  cathode,  i.e., 
the  metal  contact  deposited  on  the  other  surface  of  the 
sample  not  in  contact  with  the  bath  and  the  aluminum  foil 
anode.  The  Ag+  concentration  increases  slightly  near  the 
surface  of  the  glass  sample  as  these  ions  are  driven  by  the 
electric  field  towards  the  surface  until  an  equilibrium  is 
reached  due  to  the  increased  charge  buildup  near  the  sur¬ 
face.  A  relative  potential  drop  across  the  distance  ( 10  mm) 
in  the  solution  between  the  glass  surface  and  the  anode 
indicates  the  presence  of  a  field  approximately  1.5  V/mm 
when  the  applied  field  was  10  V/mm.  This  local  field 
causes  the  concentration  to  increase  in  the  vicinity  of  the 
sample  while  the  field  across  the  sample  decreases  by  a 
small  amount.  Careful  analysis  of  Fig.  9  shows  that  the 
ratios  of  the  surface  concentrations  with  and  without  the 
field  to  be  about  1.1.  which  is  in  close  agreement  with  our 
rough  estimation  based  on  a  field-induced  increase  in  the 
concentration  at  the  surface.  It  is  clear  that  in  the  case  of 
field-assisted  diffusion,  the  actual  concentrations  in  the 
presence  of  an  applied  field  should  be  considered  for  dif¬ 
fusion  as  well  as  index  profile  studies.  To  achieve  equal 
concentrations  with  and  w  ithout  the  presence  of  applied 
field,  we  must  reduce  the  potential  drop  between  the  elec¬ 
trode  and  the  glass  substrate.  One  possibility  is  that  the 
gap  between  the  electrode  and  the  surface  guide  can  be 
reduced  to  minimize  the  potential  drop. 

One  of  the  problems  usually  encountered  in  field-as¬ 
sisted  diffusion  is  that  of  electrode  deterioration  [19).  Un¬ 
der  the  influence  of  the  applied  electric  fie'  !.  sodium  ions 
in  the  glass  migrate  towards  the  electrode  and  are  con¬ 
vened  into  sodium  metal  at  the  electrode  (cathode).  Since 
sodium  is  highly  reactive,  it  attacks  the  aluminum  elec¬ 
trode.  Thus,  films  of  noble  metals  like  gold  or  platinum, 
being  chemically  inen.  sene  as  better  electrodes.  Unlike 
platinum  which  has  a  high  melting  point  (1772°C),  gold 
(melting  point  !064°C)  is  easier  to  evaporate:  however, 
a  thin  layer  of  chromium  w  as  deposited  prior  to  the  evap¬ 
oration  of  gold  to  provide  better  adhesion  to  glass.  An 
electrode  made  of  50  A  chromium  and  1000  A  gold  has 
worked  well  in  our  experiments. 

C.  Two-Step  Diffusion  Process  unit  the  Fabrication  of 
Buried  Waveguides 

Field-assisted  diffusion  permits  tailoring  of  the  refrac¬ 
tive  index  profile  A  two-step  diffusion  process  has  been 
used  previously  to  fabricate  buried  waveguides  in  glass 
[13].  In  this  process,  initially,  a  surface  waveguide  is 
formed  with  lield  (45  V/mm)-axsixted  diffusion  of  silver 
ions  (Fig.  6)  for  r ,  =  30  min.  This  was  followed  by  a 
second  field-assisted  diffusion  for  30  min  under  the  same 
field  conditions  now  in  pure  sodium  nitrate.  The  silver 
ions  move  deeper  inside  the  glass  substrate  under  the  in¬ 
fluence  of  the  applied  electric  field.  In  addition,  the  new 
boundary  condition  at  the  surface  of  the  substrate,  viz. 
that  C„  =  0,  requires  out-diffusion  of  silver  ions  as  well. 
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I  10.  Skewed  index  protile  of  a  buried  waveguide  fabricated  by  a  two- 
step  d illusion  process. 
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Fig.  11.  Nearly  symmetrical  index  profile  of  a  buried  waveguide  fabri 
catcd  by  a  two-step  diffusion  process. 


d  perhaps  sodium  diffuses  into  the  surface.  As  a  result, 
luried  waveguide  is  formed  as  shown  in  the  SEM  pho- 
craph  of  Fig.  10.  Our  initial  analysis  of  experimental 
ta  indicates  a  net  decrease,  although  quite  small,  in  the 
ntent  of  Ag*  in  the  substrate.  The  buried  waveguides 
'iricated  in  this  fashion  exhibit  skewed  index  protiles 
at  are  not  compatible  with  optical  fibers  which  have 
mmetric  index  profiles. 

We  have  investigated  the  two-step  diffusion  process  in 
tail.  We  find  that  buried  waveguides  with  nearly  sym- 
etric  profiles  can  be  fabricated  by  using  either  simple 
o-tield)  or  field-assisted  diffusion  in  the  first  step,  fol- 
wved  by  either  a  no-field  or  an  appropriate  field-assisted 
illusion  in  the  second  step. 

The  six  parameters  which  control  the  dimensions  and 
he  index  profile  of  a  buried  waveguides  are  given  below. 

1 1  =  Time  of  diffusion  in  the  first  step  (NaNO,  + 
Ag'). 

£,  =  Applied  field  in  the  first  step  (NaNO,  +  Ag''). 

h  =  Time  of  diffusion  in  the  second  step  (pure 
NaNO,). 

£i  =  Applied  field  in  the  second  step  (pure  NaNO,). 
C0  =  Silver  ion  concentration  in  the  bath. 

T  =  Fabrication  temperature  in  °C. 

Diffusion  time  represents  the  total  immersion  time.  It  is 
estimated  that  the  total  warm-up  ana  cool-down  period  is 
not  more  than  a  few  minutes. 

In  the  two-step  diffusion  process  to  fabricate  symmet¬ 
rical,  buried  waveguides  reported  here,  we  have  kept  £, 
=  0  and  f,  =  30  min  so  that  erfc  profiles  are  obtained 
during  the  first  step.  Fig.  1 1  shows  a  SEM  photograph  of 
the  nearly  symmetrical  profile  for  £>  =  30  V/mm  and 
=  30  min.  The  rest  of  the  experiments  were  carried  out 
by  keeping  the  field  during  the  second  step  at  £\  =  10  V/ 
mm  tor  each  C„  (  =  2  x  |0  J,  10"'  MF)  and  varying  the 
duration  i:  of  the  second  step  diffusion.  Fig.  12  shows  the 
effective  width  IT,  measured  between  I /«■  points  from  the 
SEM  photographs.  Increasing  /.  increases  the  width  al¬ 
most  in  proportion  to  s Jt2  for  small  concentrations.  As  the 
silver  ions  in  the  glass  'end  to  drift  further  into  the  sub¬ 
strate  due  to  the  field  £\,  they  also  tend  to  diffuse  out  as 
well  towards  the  surface  because  the  new  boundary  con- 
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Fig.  12.  Variation  of  diffusion  depth  with  second  step  diffusion  time  in 
two-step  diffusion  process. 
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Fig.  13.  Variation  ol  diffusion  depth  with  the  applied  held  in  second  step 
in  two-step  diffusion  process. 


dition  that  C„  =  0  now  imposes  at  the  surface  dunne  the 
second  step.  For  C„  =  10"  *  MF  and  F:  now  set  at  30  V/ 
mm,  similar  O'  versus  r:  behavior  (Fig.  12)  is  seen.  How¬ 
ever.  fora  given  C,,  =  10'  '  MF  and  t.  (30  mini,  increas¬ 
ing  £\  increases  the  width  H’lmearK  as  illustrated  in  Fig. 
13.  For  F.:  between  5  and  50  V/mm  and  />  =  30  min. 
H:F:h  varies  between  2.3  and  23:  therefore,  for  F:  >  20 
V/mm.  the  field  is  essentially  large  enough  to  translate 
the  profile  linearly  deeper  into  the  substrate.  Analytical 
study  of  the  depth  of  dillusion  and  the  width  of  the  buried, 
diffused  profile  lor  the  two-step  process  and  its  correlation 
with  the  experimental  result  are  presently  being  pursued. 

The  SEM  photograph  in  Fig.  14  illustrates  two  buried 
waveguide  samples  epoxied  face  to  face.  For  the  sample 
on  the  right.  F,  =  10  V/mm.  and  tor  the  one  on  the  left. 
F, |  =  0.  In  both  cases.  /,  =  30  mm,  F:  =  10  V/mm.  and 
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Fig.  14  Nearly  symmetrical  index  profile  of  i\*o  buried  waveguides  fab- 
ncaied  wilhoul  Heft)  and  wnh  < right)  applied  clccind  field  in  ihe  first 
step. 

t2  =  30  min.  As  before,  we  see  an  increased  peak  index 
due  to  an  increased  concentration  of  silver  ions  at  the  sur¬ 
face  with  the  presence  of  an  electrical  field  during  the  first 
step.  As  before,  an  increase  in  concentration  at  the  glass 
surface  occurs  due  to  action  of  the  field  in  the  bath. 

VI.  Conclusion 

In  conclusion,  we  have  presented  a  detailed  studs  of  the 
Ag*-Na*  exchange  in  soda-lime  silicate  glasses  in  a 
molten  bath  containing  a  mixture  of  NaNO,  and  Ag  * .  In¬ 
formation  on  the  index  distribution  in  the  glass  substrate, 
required  for  the  design  of  optical  waveguides,  can  be  ob¬ 
tained  by  studying  the  Ag*  concentration  profile.  For  low 
Ag*  concentrations,  this  is  a  good  approximation. 

Concentration  profiles  C(.t,  t)  obtained  using  backscat- 
tered  electrons  in  a  SEM  indicate  that  for  low  Ag '  con¬ 
centration  C„  at  the  surface,  the  profile  is  given  by  the 
complementary  error  function.  In  fact.  C(.v,  /)/ C<>  =  erfc 
t x ')  where  the  normalized  diffusion  depth  ,v'  =  .r/IF0  and 
IF(,  =  2s/ Dr  is  the  effective  diffusion  depth  measured  at 
the  point  x'  =  1.  Our  experimental  results,  as  evidenced 
by  erfc  profiles  for  Ag*  diffusion  without  applied  field  in 
conjunction  with  the  theoretical  analysis,  confirm  the  fact 
that  for  low  concentrations  (C„).  the  nature  of  the  diffu¬ 
sion  process— whether  it  is  self-diffusion  of  Ag*  or  As~- 
Na*  exchange— is  indistinguishable.  From  the  experi¬ 
mental  data,  the  self-diffusion  coefficient  D  for  A c *  in 

s  ° 

glass  was  determined  to  be  0.133  jmr/min  for  low  Ae’ 
concentrations  and  increased  linearly  with  C„  until  it  sat¬ 
urated  at  about  0.3  jinr’/min.  and  this  value  did  not  varv 
much  with  different  substrates  obtained  from  various  ven¬ 
dors.  In  addition,  the  effective  diffusion  depth  ft  varied 
as  the  square  root  of  diffusion  time  t.  irrespective  of  the 
concentration  C„.  However,  monotonic  increase  of  diffu¬ 
sion  depth  IF  with  Ag*  concentration  until  Cj,  equals  1 0  ~ ' 
MF  is  probably  due  to  the  glass  reaching  the  Ac'  solu¬ 
bility  limit,  and  this  behavior  is  prcsentlv  bcine  investi¬ 
gated.  Further  work  is  presently  being  undertaken  in  order 
to  better  understand  the  diffusion. 

Application  of  an  external  field  E  during  diffusion  en¬ 
hances  the  depth  of  diffusion.  While  for  E  =  0.  we  obtain 


an  erfc  profile,  viz.  erfc  ( x ')  for  large  E  fields,  the  profile 
can  accurately  be  described  by  C/C0  =  j  erfc  (.c '  -  r) 
where  r  is  the  ratio  of  nEt  over  2s/Dr.  As  long  as  r  > 
2.5,  the  translation  of  the  profile  due  to  the  presence  of 
the  field  is  much  larger  than  that  due  to  self-diffusion.  The 
dominance  of  the  field-assisted  diffusion  is  illustrated  by 
the  fact  that  the  effective  depth  of  diffusion  If',  defined  as 
the  distance  from  the  surface  to  the  Me  concentration 
point,  however,  equals  \iEi  +  0.24  WQ.  For  large  fields, 
effective  depth  of  diffusion  W  essentially  varies  linearly 
with  E  and  t.  Although  for  large  fields,  the  entire  erfc 
profile  appears  to  be  translated  by  ^Et  from  the  surface 
due  to  the  application  of  the  field  £,  only  the  portion  of 
the  profile  for.r'  >  r  (i.e. .  x  >  g Et )  represents  a  com¬ 
plementary  error  function  with  positive  argument.  Our 
experimental  results  confirm  the  above  predictions,  and 
from  the  data,  the  best  fit  yields  a  value  of  the  mobility  n 
of  Ag*  in  glass  to  be  15.55  (iirr/V  •  min.  In  addition,  as 
with  the  case  when  E  was  zero,  the  square  root  depen¬ 
dence  of  the  effective  diffusion  depth  W  on  time  t  and  the 
linear  dependence  of  W  versus  C0  for  low  concentrations 
(C0  <  10~3  MF)  were  observed.  C0  =  10-3  MF  seems 
to  be  the  limit  at  which  the  diffusion  coefficient  of  Ag* 
into  glass  seem  to  saturate.  Due  to  the  presence  of  a  local 
electric  field  in  the  bath  near  the  surface,  the  surface  con¬ 
centration  of  Ag*  increases  with  the  applied  E  field. 

Finally,  we  have  demonstrated  a  two-step  diffusion  pro¬ 
cess  where  an  initial  surface  waveguide  formed  with  either 
E  equal  to  zero  or  some  finite  value  during  the  first  step 
can  be  modified  to  yield  a  buried,  symmetrical  fiber-like 
profile  by  a  second  diffusion  in  a  bath  of  pure  sodium  ni¬ 
trate.  The  effective  depth  of  diffusion  IF  measured  be¬ 
tween  1/e  points  of  the  peak  value  of  the  symmetric  pro¬ 
files  varies  as  with  £,  =  0  and  for  any  given  C0,  r, , 
and  Ei.  Moreover.  IF,  as  before,  varies  linearly  with  £2 
(and  probably  with  when  the  field  E,  =  0  for  a  given 
C0,  and  /,  (or  £:).  As  before,  the  peak  of  the  buried 
concentration  profile  of  the  sample,  fabricated  under  the 
same  conditions  except  with  the  fie'd  E,  st  0,  showed  an 
increase  over  that  fabricated  with  E,  =  0. 

The  theoretical  analysis  [16]  confirms  our  e  tperimental 
results  for  diffusion  with  either  no  applied  or  very  large 
applied  fields.  For  intermediate  E  fields,  the  estimated  dif¬ 
fusion  depths  are  much  larger  than  the  measured  values. 
This  discrepancy  needs  further  study  of  the  diffusion 
mechanism. 
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The  ion  exchange  process  of  silver  in  a  AgN0}~NaN03 
melt  for  sodium  in  a  soda-lime-silica  glass  was  studied 
at  330'C  as  a  function  of  melt  mixing  condition, 
exchange  time,  and  melt  composition.  Using  wet  chem¬ 
ical  etching  and  atomic  absorption  spectroscopy,  silver 
concentration  profiles  in  the  glass  were  obtained  for  melt 
compositions  in  the  range  1-9x10 to  1-2x10' 2 
silver  cation  fraction.  From  the  results  of  studies  with 
variable  mixing  conditions  and  exchange  times,  melt 
mass  transfer  and  kinetic  limitations  were  found  to  be 
negligible.  The  330JC  equilibrium  isotherm  was  deter¬ 
mined  from  the  measured  glass  surface  concentrations 
and  could  be  described  by  a  regular  solution  model  in  the 
melt  and  a  n  type  model  in  the  glass.  The  silver  self 
diffusion  coefficient  was  obtained  by  a  Matano- 
Boltzmann  procedure  from  the  measured  concentration 
profiles  and  a  value  4-1  x  10 ~  1 1  cm2/s  is  reported. 

Glass  waveguides  have  recently  generated  consi¬ 
derable  interest  as  a  possible  basis  for  passive  in¬ 
tegrated  optical  devices:  they  are  attractive  because 
they  can  readily  be  coupled  to  an  optical  fibre  and  the 
substrate  is  inexpensive  compared  to  other  material 
candidates  such  as  GaAs  and  LiNb03.  Glass  wave¬ 
guides  are  commonly  fabricated  with  a  field-assisted 
ion  exchange  process  between  molten  salt  and 
glass.11  81  Unlike  LiNbOj  waveguides,  ion  exchanged 
glass  waveguides  cannot  be  tuned  clectrooptically  to 
compensate  for  fabrication  errors191  and  consequently, 
strict  fabrication  tolerances  must  be  met  to  produce 
useful  devices.  An  understanding  of  the  transport 
phenomena  and  equilibrium  chemistry  would  benefit 
the  development  of  improved  process  control 
techniques. 
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When  a  soft  glass,  such  as  soda-lime-silica  glass,  is 
introduced  into  a  salt  melt  containing  monovalent 
cations  such  as  Ag  +  ,  these  ions  can  exchange  with 
mobile  cations  such  as  sodium  in  the  glass.1101  The 
Ag^-Na*  ion  exchange  process  can  be  desen  bed  by 
the  chemical  reaction 

Ag+  +  Na*  Ag  +  +  Na  +  (1) 

where  the  bar  indicates  the  cation  in  the  glass  phase. 

In  a  liquid-solid  exchange  process,  the  rate  of  ion 
exchange  can  be  limited  by  mass  transfer  of  reactants 
to  and  removal  of  products  from  the  reaction  interface 
in  the  melt,  by  the  kinetics  of  the  reaction  at  the 
interface,  and  by  diffusion  and  drift  of  cations  in  the 
glass.  In  the  absence  of  melt  mass  transfer  and  kinetic 
limitations,  the  equilibrium  state  of  Reaction  (1)  spec¬ 
ifies  the  surface  boundary  condition  of  the  glass 
diffusion  process.  The  cation  exchange  profile  may  be 
controlled  by  manipulating  this  boundary  condition, 
the  cation  transport  properties  in  the  glass,  and  the 
applied  electric  field. 

In  soda-lime-silica  glass,  the  extent  of  silver- 
sodium  ion  exchange  strongly  changes  the  refractive 
index,13-5  8-91 11  thus  making  it  attractive  for  optical 
waveguides.  The  ion  exchange  kinetics11012  211  and 
equilibrium  condition121  251  of  silver  exchange  have 
been  investigated  for  a  variety  of  glasses  but  the 
transport  and  thermodynamic  properties  depend  on 
the  specific  exchange  conditions  and  glass  compo¬ 
sition.  In  the  present  investigation  the  importance  of 
melt  mass  transfer  limitations,  the  equilibrium  iso¬ 
therm,  and  solid  phase  transport  properties  are  inves¬ 
tigated  under  processing  conditions  and  with  a  glass 
composition  that  have  been  used  to  produce  low  loss 
single  mode  waveguides.1261 


r.  CHLLDZ1NSKI  ET  AL..  ION  EXCHANGE  OF  SODA-LIME-SILICA  GLASS  IN  MOLTEN  SALT 


Experimental  procedure 

The  ion  exchange  of  Ag+  with  Na+  in  soda-lime- 
silica  glass  was  investigated  as  a  function  of  time, 
melt  stirring  condition,  and  melt  composition  for 
AgN'Oj-NaNOj  molten  salts  dilute  in  silver.  All 
experiments  were  performed  at  330  +  2°C  for  ex¬ 
change  times  in  the  range  of  1-4  h  and  silver  cation 
fractions  in  the  range  of  1  -90  x  10” 4  to  1-20  x  10” 2 
(see  Table  1).  Fisher  brand  microscope  slides  were 
used  in  this  work,  and  the  composition  and  density, 
obtained  from  the  manufacturer,  are  given  in  Table  2. 
Precleaned  slides  were  rinsed  in  deionised  water, 
allowed  to  dry,  and  placed  in  a  sample  holder  prior  to 
each  experiment.  The  salt  mixture  was  prepared  by 
weighing  between  400  and  600  g  of  NaNOj  and  the 
desired  amount  of  AgNO,.  The  variation  of  the  melt 
composition  as  a  result  of  the  exchange  process  was 
never  more  than  2%.  The  bath,  sample  holder,  and 
stirrers  were  constructed  of  aluminium;  the  thermo¬ 
couple  sheath  was  stainless  steel. 

After  exchange  the  glass  sample  was  removed  from 
the  melt  and  allowed  to  cool,  and  subsequently 
washed  in  deionised  water  to  remove  adsorbed  salt. 
The  glass  was  then  etched  in  steps  in  a  0  58  wt%  HF 
solution  (a  typical  etch  rate  was  0  08  pm  min)  and  the 
resulting  etch  solution  for  each  step  was  analysed  for 
silver  with  a  Perkin-Elmer  model  280  atomic  absorp¬ 
tion  spectrophotometer  calibrated  with  standards  of 
known  concentration.  The  estimated  precision  of  the 
concentration  is  ±  0  03  cation  fraction  and  of  the 
depth  is  ±  1-6  x  I0”6cm.  In  this  manner  concen¬ 
tration  profiles  were  determined. 


Table  1.  Summary  of  experimental  conditions  for  ion 
exchange  studies  at  330  C 


Sam  pie 

Time 

(h) 

Number  of  stirrers 

A 

1  90 X  I0‘4 

1 

0 

B 

1 90 x  I0‘4 

I 

0 

C 

1-90  x  i<r‘ 

1 

1 

D 

1  90  x  I0'4 

1 

1 

E 

1-90  x  10'4 

1 

2 

F 

1  90  x  10'4 

3 

1 

C 

1-90  x  10'4 

4 

I 

H 

997  x  10'4 

4 

1 

1 

1  97  x  10"’ 

4 

1 

J 

4  0A  x  10' 1 

4 

I 

K 

8  03  x  10' > 

4 

1 

L 

1  20  x  lO'1 

4 

I 

Table  2.  Chemical  composition  ( wt%  )  of  Fisher  brand 
glass  slide;  Density  =  2-4667  gjcrn1 


Oxide 


S.O, 

72  25 

Na,0 

1431 

CaO 

640 

AljOj 

1  20 

K,0 

1  20 

MgO 

430 

FtlO, 

003 

SO, 

030 

Results  and  discussion 

Rale  limitation  on  the  surface  concentration 

In  order  to  ensure  that  the  measured  glass  surface 
concentration  corresponds  to  the  value  in  equilibrium 
with  the  melt  at  the  overall  liquid  composition,  the 
influence  of  liquid  phase  mass  transfer  or  surface 
kinetic  effects  must  be  negligible.  If  the  mass  transport 
processes  in  the  melt  and  glass  are  purely  diffusional 
then,  for  an  infinite  composite  mediumwith  constant 
diffusion  coefficients,  the  quantity  {CJCJlDfD,)'  : 
must  be  much  smaller  than  unity  for  the  concentration 
gradient  in  the  melt  to  be  negligible.127’  Using  the  Ag* 
tracer  diffusion  coefficient  in  NaN03  of  Inman  & 
Bockris128’  and  the  Ag+  self-diffusion  coefficient  in 
soda-lime-silica  glass  and  the  distribution  coefficient 
determined  in  this  study,  the  characteristic  quantity  is 
of  the  order  of  01.  Based  on  this  estimate,  diffusion 
limitations  in  the  melt  are  not  expected  to  dominate 
the  exchange  rate.  It  is  noted  that  the  glass  surface 
concentration  is  independent  of  time  in  this  model  and 
decreases  with  increasing  importance  of  diffusion 
limitations  in  the  melt.  Another  possible  limitation  on 
the  surface  concentration  is  the  presence  of  a  re¬ 
sistance  at  or  near  the  melt-glass  interface  (e.g.  mass 
transfer,  reaction).  If  the  rate  of  this  process  is  assumed 
to  be  first  order  and  characterised  by  a  proportion¬ 
ality  constant,  a,  the  dimensionless  variable  x(t/D,)'  2 
should  be  large  ( >  1 0)  to  ensure  that  the  measured 
glass  surface  concentration  corresponds  to  the  value 
in  equilibrium  with  the  bulk  melt  concentration.  In 
this  model  the  surface  concentration  is  an  increasing 
function  of  time.  Measurement  of  the  surface  con¬ 
centration  as  a  function  of  melt  mixing  conditions 
should  provide  evidence  on  the  existence  of  diffusional 
or  convective  mass  transfer  (the  value  of  a  is  a  function 
of  the  mixing  conditions)  limitations.  In  addition, 
measurement  of  the  surface  concentration  as  a  func¬ 
tion  of  exchange  time  should  indicate  whether  melt 
depletion,  convective  mass  transfer,  or  surface  kinetic 
effects  are  important. 


l : 


0  1  2  3  4  5  6  7  S  9  10 

Dt&tance  (r6m  lurtact  (vim) 

Figure  I.  Concentration  profiles  of  silver  from  a  silver  nitrate  -  sodium 
nitrate  melt  into  sodo-hme-silica  glass  at  330  C  for  60  min: 
N  A,  =  /9xf0~‘ 

V  sample  A  A  sample  C  O  sample  E 

□  sample  B  O  sample  D 
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The  influence  of  stirring  rate  and  exchange  time  on 
the  Ag*-Na*  exchange  was  studied  for  a  Ag  +  melt 
cation  fraction  of  190  x  10'4.  This  composition  is  the 
lowest  one  examined  and  represents  the  composition 
with  the  largest  distribution  coefficient.  C,  C,,  and 
therefore  with  the  largest  possible  melt  diffusionai 
limitation.  Measured  Ag’  concentration  profiles  are 
illustrated  in  Figure  1  under  conditions  of  no  stirring 
and  with  one  or  two  stirrers  placed  in  the  molten  salt 
bath  for  an  exchange  time  of  I  h.  It  is  observed  that 
the  concentration  profiles  do  not  vary  significantly  as 
the  mixing  conditions  are  changed.  Concentration 
profiles  were  also  measured  for  exchange  times  of  3 
and  4  h  with  one  stirrer  in  place.  As  shown  in  Table  3. 
a  slight  decrease  in  the  surface  concentration  was 
observed;  this  was  within  the  experimental  error  of  the 
measurement  and  only  a  small  portion  of  the  decrease 
is  attributable  to  melt  depiction.  It  can  be  concluded 
from  these  results  that  the  dominant  resistance  in  the 
exchange  process  is  cation  transport  in  the  glass. 


ion  exchange  equilibrium 

The  surface  concentration  of  Ag*  in  soda-lime-silica 
glass  was  determined  for  each  sample  listed  in  Table  1 
by  extrapolation  of  the  measured  concentration  pro¬ 
files;  this  was  performed  by  normalising  the  data  for 
silver  concentration  in  the  glass.  CAf,  against  depth 
with  an  arbitrary  concentration,  C,.  The  normalised 
concentration  was  equated  to  the  normal  probability 
distribution 

C  1 

-=*■  =  prob(:|=  — —  I"  expf  —  v2  2)dv.  (2) 

C,  v  2-t  -  , 

which  is  related  to  the  error  function  by 

erfu)  =  2  prob(rs/2)  —  1.  (3) 

The  extrapolation  of  the  data  for  CA?  against  depth  in 
probability  coordinates  is  convenient  because  the 
transformed  data  are  more  adaptable  to  simple  repre¬ 
sentation  (i.e.  because  prob(r)  is  related  to  erf(r). 
sections  of  data  with  an  approximately  constant 
interdifTusion  coefficient  are  linear).  The  extrapolated 
silver  surface  cation  fractions  and  bulk  melt  cation 
fractions  are  summarised  in  Table  3. 

The  equilibrium  constant  for  the  exchange  reaction 


Table  3.  Extrapolated  4g  *  surface  concentrations 


Sampl* 

AA. 

A 

1  VO  -  10  ■* 

0-0837 

B 

1  90  <  10  * 

00793 

r 

1 90  x  10"* 

00973 

D 

1  90  x  10  * 

00918 

E 

1  90  x  10"* 

0-0857 

F 

1  90  x  10  * 

00797 

G 

1  90 x  |0"* 

00744 

H 

9  97  x  10  '* 

0-231 

t 

1 97  x  |0 -J 

0339 

J 

4  OA x  10" ’ 

0444 

K 

8  03  x  10 "  * 

0-547 

L 

1  20  x  10  ! 

0527 
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is  given  by 


£  —  ^An  _  <Nj  <JAg  ^ 

ds'a  UAg  t  Aft  ^  A  ft 

in  which  a,  is  the  thermodynamic  activity  of  compo¬ 
nent  i  and  y,  is  the  liquid  phase  activity  coefficient  of  i 
where  i  is  the  mole  fraction  of  NaNO,  or  AgN03  in 
the  melt.  \r  Taking  the  reference  state  for  the  melt  as 
the  pure  salt,  the  emf  measurements  of  Laitv* ’  at 
330  C  suggest  regular  solution  behaviour  with  a  value 
of  the  interaction  energy,  .4.  equal  to  3515  J/mole.  The 
standard  state  selected  for  the  solid  exchanger  is  that 
in  which  all  of  the  exchangeable  cations  are  of  the  ion 
of  interest.  A  successful  empirical  relationship  first 
suggested  by  Rothmund  &  Kornfield'301  for  the  ratio 
of  the  activities  of  the  ions  in  a  glass  exchanger  is 


(5) 


where  /V,  is  the  cation  mole  fraction.  Garrels  & 
Christ'31’  have  shown  that  this  empirical  relationship 
is  equivalent  to  regular  solution  theory  foi  interme¬ 
diate  glass  compositions.  Substitution  of  the  regular 
solution  expressions  for  the  melt  component  activity 
coefficients  and  the  ratio  of  the  component  activities 
in  the  glass  into  Equation  (4)  gives 


In  K 


(6) 


If  the  assumption  of  regular  solution  behaviour  in 
both  solutions  is  valid,  a  plot  of  the  left  hand  side  of 
Equation  (6)  against  ln[(l  -  Ag) ,.VAg]  should  yield  a 
straight  line  with  slope  equal  to  n  and  intercept  equal 
to  ln( I  K).  This  type  of  plot  is  illustrated  in  Figure  2 
and  it  appears  to  be  linear  to  within  experimental 
error  with  a  least  squares  value  of  n  equal  to  1  49  and 
K  equal  to  75.  Thus,  the  partitioning  of  silver  ions 
between  the  nitrate  melt  and  the  soda-lime-silica  glass 
is  nonlinear  in  the  composition  range  studied. 


-  )  Sr 

i 

-40  J 


_  4-5  y 

/  ! 

-  5  0  h 

C  I 

1  i 

•  -  M)l 
f*  5  f 
~  70F 

i 

-  75  h 


/ 


/ 


! 


I 


3<l  -2  5  ;o  I  '  10  0  5  0  05 

In 

Figure  2.  Test  of  melt  regular  solution  and  glass  n  rvpe  behaviour  for 
Ag'  -Na'  exchange  in  soda-lime-silica  glass 
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The  results  of  these  equilibrium  studies  are  com¬ 
pared  in  Figure  3  to  the  smoothed  measurements  of 
Schulze123’  in  a  soda-lime-silica  glass  of  wt%  compo¬ 
sition  69SiO,,  15  2Na,0,  3  6K,0,  7-4CaO.  4  4A1,03, 
0-4Fe,Oj,  (MMgO.  Using  the  same  regular  solution 
description  of  the  melt,  the  values  of  n  and  K  derived 
from  the  data  of  Schulze  are  reported  to  be  1  08  and 
120.  Figure  3  also  shows  the  315  C  equilibrium  results 
of  Stewart  &  Laybourn135'  determined  on  a  type  of 
glass  similar  to  that  studied  in  this  work;  the  reported 
values  of  n  and  K  are  1-32  and  131.  The  value  of  n 
determined  in  this  study  indicates  larger  positive 
deviations  from  ideal  solution  behaviour  than  sug¬ 
gested  by  either  Schulze  or  Stewart  &  Laybourn  and  is 
close  to  the  value  of  14  reported  by  Garfinkel'22'  for  a 
sodium  borosilicatc  glass.  The  reason  for  the  dif¬ 
ference  in  the  values  of  this  exponent  is  not  clear,  but  is 
probably  related  to  differences  in  either  glass  compo¬ 
sition  or  structure.  The  value  of  the  temperature 
dependent  equilibrium  constant  is  in  fair  agreement 
with  the  results  of  Schulze  and  Stewart  &  Laybourn  as 
well  as  those  of  Doremus12”  for  the  high  silica  phase 
of  two-phase  Pvrex.  The  results  of  this  work  suggest  a 
large  value  for  the  silver  partition  coefficient,  similar 
to  the  values  determined  bv  silver  ion  tracer  diffusion 
studies  in  soda-lime -silica  glass  |;VAg//VAg  =  200)"°’ 
and  sodium  borosilicatc  glass  (iVAg,  .VAg  =  500).'22' 


figure  3.  Partitioning  of  silver  between  a  silver  nitrate  -  sodium 
nitrate  melt  and  soda-hme-stltea  glass  at  JJO'C 

— — - —  calculated  Isotherm  with  n  =  I  49  and  K  =  75 

-  calculated  isotherm  with  n  —  1  08  and  K  —  1 70  from  a 

reduction  of  the  measurements  of  Schulze'*  1 

-  calculated  isotherm  with  n  =  I  32  and  K  =  131  from 

measurements  of  Stewart  &  Laybourn1-"" 

Interdiffusion 

Under  the  experimental  conditions  of  this  study  the 
ion  exchange  process  consists  of  the  inward  ditfusion 
of  Ag*  and  an  equal  flux  of  Na*  in  the  opposite 
direction,  the  Ag*  and  Na*  surface  concentrations 
being  constant  and  in  equilibrium  with  the  ton  con- 
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centrations  in  the  bulk  melt.  This  process  is  character 
ised  by  a  concentration  dependent  interdiffusioi 
coefficient1 101 

n  PAPH  find, 

AB  i VaDa  +  ,VbDb  rinC, 

where  DA  and  D„  are  the  cation  self-diffusion  coeffi 
cients  and  may  also  be  a  function  of  composition 
With  the  solution  model  of  Rothmund  &  Korn  field13" 
the  thermodynamic  factor,  find,  flnC'„  has  a  valur 
equal  to  n. 

Values  of  the  interdiffusion  coefficient  were  evalu 
ated  numerically  from  the  measured  silver  ion  concen¬ 
tration  using  the  Matano-Boltzmann  method.1271  All 
slopes  were  measured  from  data  smoothed  by  map 
ping  it  into  probability  coordinates  and  all  calculations 
were  performed  in  double  precision  to  minimise  round¬ 
off  error.  The  concentration  profiles  were  extrapolated 
beyond  the  largest  measured  depth  by  assuming  that 
the  interdiffusion  coefficient  was  constant  in  this 
dilute  region  (i.e.  0A,.Na.  =  DAg.  =  constant). 

From  the  definition  of  cation  mole  fraction. 
Equation  (7)  can  be  rearranged  to  give 


If  the  self-dilTusion  coefficients  arc  independent  of 
composition,  a  plot  of  n/DAg.Na.  against  ,VAt.  should 
produce  a  straight  line  with  an  intercept  of  1  DA„ .  and 
slope  of  —  [(l/DAg.)  —  (l/DVa.)].  Shown  in  Figure  4  is 
a  plot  of  the  reciprocal  interdiffusion  coefficient  cal¬ 
culated  by  the  above  procedure  against  the  siKer 
cation  fraction  for  the  three  highest  Ag  ion  melt 
concentrations  studied.  It  is  seen  that  a  linear  relation¬ 
ship  is  followed  at  high  Ag*  glass  concentrations  but 
deviations  from  a  straight  line  are  found  at  low  Ag' 
concentrations,  such  that  a  maximum  in  n  £>Ag.Na.  is 
produced.  An  extremum  in  the  calculated  interditfu- 
sion  coefficient  against  iVAg  was  also  reported  by 
Fainaro  et  al.  1121  for  several  concentration  profiles 


Figure  4.  Interdiffusion  ioetficieni  uilcuhitcd  bv  the  Matan<>- 
Boltzmann  procedure  as  a  function  of  silver  cation  fraction  at  330  C 
^  sample  J  .J  sample  K  sample  L 
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measured  in  soda-!ime-silica  and  alkali  aluminosili¬ 
cate  glasses.  An  extremum  in  the  value  of  DAg.Nl.  as  a 
function  of  cation  fraction  is  consistent  with  the 
presence  of  a  mixed  alkali  effect133'  which  involves  a 
dramatic  change  in  transport  properties  as  the  alkali 
composition  is  varied  in  the  glass.  With  respect  to  ion 
diffusion  coefficients  in  binary  alkali  glasses,  the  diffu¬ 
sion  coefficient  of  alkali  ion  A  is  found  to  decrease  as 
the  glass  composition  changes  from  pure  A  to  pure 
alkali  B.  Furthermore,  the  value  of  the  diffurion 
coefficient  of  the  trace  ion  in  a  pure  glass  is  always 
smaller  than  the  value  of  the  self-diffusion  coefficient 
of  the  pure  element.  This  behaviour  gives  an  extremum 
in  the  value  of  0A.B.  at  an  intermediate  alkali 
composition.  In  addition,  the  diffusing  ion  with  the 
lowest  mobility  changes  from  ion  A  to  ion  B  at  a 
specific  glass  composition. 

The  experimental  errors  in  the  concentration  and 
depth  measurements  and  the  error  in  the  procedure 
for  extrapolating  the  concentration  profiles  become 
more  important  in  the  analysis  at  low  Ag *  concen¬ 
trations.  Also,  the  results  were  found  to  be  sensitive 
to  the  smoothing  function  us^d.  Foi  cxuii:;1'' ,  the 
discontinuity  in  n  DAB  at  jVAg  =0-48  for  the  analysis 
of  sample  L  in  Figure  4  is  a  result  of  changing  the 
order  of  the  smoothing  function.  Extrapolating  the 
linear  portion  of  these  curves  at  high  silver  concen¬ 
trations  in  the  glass  to  zero  Ag"  concentration  gives 
nearly  identical  values  for  the  Ag"  self-diffusion  coef¬ 
ficient.  41  x  10’ 11  cm3,s.  This  value  is  compared  to 
the  values  of  2-7  x  10'  11  cm3  s  determined  from  Ag" 
tracer  diffusion  coefficient  studies"01  in  soda-lime- 
silica  glass  (an  activation  energy  of  83-7  kJ  mole 
was  used  to  correct  DAg.  from  374  to  3300  and 
1-4  x  10'“  cm;  s  determined  from  refractive  index 
measurements  of  ion  exchanged  soda-lime-silica  glass 
slides  using  a  dilute  silver  nitrate  melt. 1351  These  three 
values  of  DXg.  were  measured  at  different  Ag  cation 
fractions,  suggesting  a  weak  dependence  of  DAg.  on 
glass  composition.  The  value  of  DNa.  determined 
from  the  slope  of  Figure  4  is  16  x  10'  “  cm3  s,  which  is 
considerably  lower  than  the  self-diffusion  coefficient 
of  sodium  in  silver  free  soda-lime-silica  glass  deter¬ 
mined  by  Doremus"0'  ( 3-3  x  10' 10  cm3  s.  assuming 
an  activation  energy  of  83-7  kJ  moiel.  suggesting  a 
strong  mixed  alkali  effect  for  Na. 

In  summary,  concentration  profiles  of  silver  in  a  ion 
exchanged  sodia-lime-silica  glass  were  measured  for 
various  values  of  exchange  time,  molten  salt  mixing 
condition,  and  melt  composition  by  atomic  absorp¬ 
tion  spectroscopy.  No  limitations  on  the  exchange 
rate  due  to  melt  mass  transfer  or  surface  reaction 
could  be  ascertained  from  the  measured  results;  thus, 
measured  surface  concentrations  represent  values 
which  are  in  equilibrium  with  the  melt.  The  330  C 
isotherm  was  described  with  a  regular  solution  model 


applied  to  both  phases.  With  the  AgNOj-NaNO, 
melt  interaction  energy.  A,  fixed  at  the  previously 
measured  value  of  3515  kJ  mole.'39'  the  value  of  the 
glass  cation  solution  model  parameter,  /t,  was  deter¬ 
mined  to  be  1-49;  the  corresponding  value  of  the 
equilibrium  constant  for  the  exchange  reaction.  K. 
was  75.  From  an  analysis  of  the  concentration  profiles, 
the  values  of  the  silver  and  sodium  cation  diffusion 
coefficients  were  estimated  as 

DAg.  =41  x  10'“  cm3  s 

and 

DSi.  =  16x10'“  cm3  s. 
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Abstract 

The  equilibrium  study  of  the  Na+  -  Ag+  exchange  process  at  Ag  N’O^  + 
Na  NO^  melt-glass  interface  explains  the  strong  dependence  of  the  surface 
index  change  on  the  low  silver  concentration  in  the  melt  used  for  fabricating 
single-mode  waveguides. 
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The  binary  Ag+  -  Na+  exchange  has  been  widely  used  for  fabrication  of 
planar  and  channel  waveguides  generally  using  pure  Ag  NO-^  melt.  The  single¬ 
mode  waveguides  thus  obtained  [1]  have  large  surface  index  change 

(A  n  ~  0.1)  ,  show  large  scattering  losses,  are  incompatible  with  fiber-core 
dimensions,  and  their  characteristics  are  not  reproducible  to  desirpd 

accuracy.  _-,To  circumvent  these  problems,  low  melt  concentrations  of  silver 
(N  ~  10  “  -  10  molar  fractions  where  NArr  =  /(CA  +  C^a)  and  is  the 
absoT”te  concentration  of  the  cation  i)  in  Na  NO^  Dath  iiave  been  used  [2-4  1. 
However,  at  low  concentrations,  An  is  a  very  strong  function  of  NArr  [4] 
saturating  at  ~  0.1  for  pure  .Ag  N'0-j  melts  in  mosp  soda-lime  glasses.  Since 
for  fiber  compatible  single-mode  guides,  NArr  ~  10~4  MF,  this  strong  dependence 
of  An  on  calls  for  a  precise  control  of  and  its  understanding  via  a 

detailed  study  of  the  transport  phenomena  ancT  thermodynamical  equilibrium 

between  the  melt  and  glass  phases.  While  such  a  study  has  been  reported 
[2,3,5]  for  >  l 0— “ ,  the  results  are  not  applicable  to  the  low 

concentrations  involved  in  the  fabrication  of  single-mode  waveguides.  Besides, 
the  results  are  likely  to  depend  on  the  processing  temperature  and  the 
substrate  glass.  Moreover,  since  the  concentration  profile  depends  on  the 

interdiffusion  coefficient  which  is  concentration  independent  only  if  the 
silver  concentration  in  glass  is  very  small,  a  knowledge  of  its  dependence  on 
N_.  will  permit  the  solution  of  the  diffusion  equation  with  concentration- 
dependent  interdiffusion  coefficient  [2]. 

In  the  present  invest!  cation,  the  importance  of  melt  transfer  limitations 
and  the  equilibrium  isotherm,  are  investigated  under  process  conditions  with  a 
glass  composition  that  have  been,  used  successful Lv  to  produce  low-loss  single- 
mod'-  waveguides  with  high  reproduc ibi 1 i ty .  The  experiments  were  carried  out 
by  immersing  the  glass  substrates  in  molten  salt  mixture  at  33d  '  C  and 
measuring,  the  resulting  silver  concentration  profile  us  a  function  of  time, 
melt-stirring  condition  and  the  melt  composition.  The  glass  was  etched  in 
steps  and  f  lv  re.su  i  i  ing  etch  s.<I  it  ion  was  an.iiyg.ed  for  silver  with  an  atomic 
absorption  spectrophotometer.  Th  concentration  profiles  were  also  measured 
Independent  iy  by  analyzing  the  hack-se  t tered  electrons  In  a  scanning  electron 
microscope  and  the  accomp.m  v i ng  surf ace- index  change  An  was  derived  bv 
correlating  the  measured  mode  indices  to  those  calculated  theoretic  » 1 1  v  for 
the  measured  concentration  protile  [ 4 ] .  Fig.  1  shuts  the  silver  concent  ration 
at  the  ;.,l.iss  surface  and  the  measured  Index  change  An  tor  various  values  of 
N. 


The  Ag+  -  Na+  ion-exchange  process  can  be  described  [5]  by  the  foLlowing 
chemical  reaction  _  _  , 

Ag  +  Na  ~  Ag  +  Na  ( i ) 

where  the  bar  indicates  the  cation  in  the  glass  phase.  In  such  a  liquid-solid 
exchange  process,  the  rate  of  ion  exchange  can  be  limited  by  the  following 
processes : 

(i)  The  mass  transfer  of  the  reactants  to  and  removal  of  the  products  from 
the  reaction  interface  in  the  melt. 

(ii)  The  kinetics  of  the  reaction  at  the  interface. 

(iii)  The  cation  transport  (diffusion)  in  the  glass. 


In  order  to  ensure  that  the  measured  glass  surface  concentration 
corresponds  to  the  value  in  equilibrium  with  the  melt,  the  effects  of  (i)  and 
(ii)  must  be  negligible.  That  this  was  the  case  in  our  experiments  was  borne 
out  from  the  following  considerations :  Firstly,  stirring  the  melt  did  not 
alter  the  _ index  change  or  the  profile.  Secondly  the  quantity 

(N^  /N  )  (D  /'D^  )  ^  was  sufficiently  small  [6]  to  impose  any  significant 
l.i  nifatiSns  i§  the  diffusion  process  in  the  melt  for  the  values  of 

studied  (2  x  lO--*  -  lx  10-^  MF).  D  here  denotes  the  self-diffusion 
coefficient.  Furthermore,  for  large  diffusion  times  (3-4  hours),  there  is  no 
measurable  decrease  in  the  surface  concentration  attributable  to  melt 

depletion.  In  addition.  An  is  independent  of  time  of  diffusion,  even  for 

diffusion  time  of  the  order  of  a  few  minutes.  These  results  indicate  that  the 
dominant  resistance  in  the  exchange  process  is  the  cation  transport 

(diffusion)  in  the  glass. 

The  equilibrium  constant  for  the  exchange  reaction  is  given  by 
K  =  Yyja  aAg/l.\ g  3yja  where  a^  is  the  thermodynamic  activity  of 

component  i  and  y.  is  its  activity  coefficient  at  mole  fraction  N.  in  the 

melt.  The  ratio  of  the  two  activity  coefficients  in  the  melt  can  be  described 

by_  regular  solution  theory  and  in  the  glass  by  an  n-type  behaviour,  i^e., 

(a,  /ax,  )  =  (h' ,  /Nx,  )  .  These  considerations  yield  a  relation  between  N 
and\gN?n  the  tirJb]  _  Ag 

*n  +  If  0-2  -V  =  n  *n  ~  '  *n  K 

Ag  g  i-N 

The  above  relation  is  shown  as  the  straight-line  plot  of  Fig.  2  with  A  =  3515 
J/mo£e«  The  slope  gives  n  =  1.49  and  the  intercept  gives  K  =  75  for  the  soda- 
lime  glass  used.  These  values  are  similar  to  those  reported  by  other  authors 
[2,5]  for  various  glasses.  The  large  value  of  the  equilibrium  constant  is 

thus  responsible  for  the  large  ratio  N.  / N .  .  These  results  justifv  the 

,.\iT  .\<T 

assumption  of  concentration  independent  ih  ter‘3  i  f  f  us  ion  coefficient  and  the 
resulting  _erfc  index  profiles  only  for  very  small  melt  concentrations 

(N,  <  10  *  MF)  .  For  N  >  lu  i  MF  ,  tne  ir.terdi  f  fusion  coefficient  is 

concentration  dependent  and  the  resulting  index  profiles  deviate  substantially 

from  erfc. 
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Fig.l  Variation  ct  surface-silver  concentration  (MF) 
and  the  surrnce- index  change  in  the  glass  with 
melt  concentration. 
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We  have  performed  detailed  studies  of  the  ion-exchanye  process  at  the  AgN03 
+  NaN03  melt-glass  interface.  The  results  indicate  that  at  the  processing 
temperature  (330°C),  for  dilute  concentration  of  Ay+,  variable  mixing 
conditions,  mass  transfer  (diffusion  or  convection  in  the  melt)  or  the 
kinetics  at  the  liquid-solid  interface  do  not  influence  the  exchange  process 
significantly.  As  a  result  of  the  equilibrium  condition  at  the  interface,  the 
concentration  of  silver  at  the  glass  surface  is  orders  of  magnitude  higher 
than  that  in  the  melt  and  for  low  concentration  (<  10'^  mole  fraction),  the 
dopant  profile  (and  hence  the  refractive  index  profile)  is  primarily 
determined  by  the  diffusion  of  silver  ions  in  the  glass  matrix.  However,  for 
large  concentrations,  the  diffusion  coefficient  is  concentrati on  dependent  and 
therefore  varies  as  a  function  of  positon  inside  the  glass.  It  appears  that 
the  exchange  process  can  be  best  described  by  equilibrium  at  the  melt-glass 
interface  with  a  regular  solution  theory  in  the  melt  and  an  n-type  behavior  of 
the  thermodynamical  activities  of  the  ions  in  the  glass  and  by  the  diffusion 
limited  transport  in  the  glass. 
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INTRODUCTION 

The  ion-exchange  technique,  which  has  been  used  for  more  than  a  century  to 

produce  tinted  glass,  has  received  increased  attention  in  recent  years  because 

it  has  been  found  to  improve  the  surface-mechani cal  properties  of  glass  [1] 

and,  more  importantly,  to  introduce  a  gradient  index  in  the  glass.  The 

technique  has  been  successfully  used  in  manufacturing  low-loss  optical  fibers, 

gradient-index  optical  components  for  imaging  applications,  and,  more 

recently,  in  the  fabrication  of  planar  and  channel  waveguides  in  glass 

susbstrates  for  application  in  integrated  optics.  Optical  waveguides  in  glass 

substrates  are  fabricated  by  creating  a  layer  of  higher  refractive  index  near 

the  surface  of  the  substrate.  This  is  normally  accomplished  by  diffusion  of 

monovalent  ions  of  higher  polarizability  e.g.,  Cs+,  Rb+,  K+,  Ag+,  or  Tl+  into 

the  glass  matrix  where  they  exchange  with  Na+  or  K+  ions.  Besides  the 

polarizability  of  the  ions,  the  net  index  change  also  depends  on  the 

difference  in  the  sizes  of  the  two  exchanging  ions,  the  accompanying  change  in 

the  polarizability  of  the  oxygen  ions,  and  formation  of  any  elastic  stress  in 

the  glass.  Of  the  various  monovalent  ions  exchanged  in  soda-1 i me  glass  by 

diffusion,  the  binary  exchange  of  Ag+  -  Na+  is  by  far  the  most  researched 

technique  [2, 3, A],  Vlhen  pure  AgNOg  melt  is  used  for  the  exchange  process, 

large  surface  index  changes  (An  ~  0.1)  are  obtained  whicn  have  some 

disadvantages:  a  larger  silver  concentration  causes  coloring  due  to  silver 

reduction  ;  secondly,  the  single-mode  waveguides  thus  made  are  shallow  and  the 

field  distribution  of  l he  guided  mode  is  not  compatible  with  that  of  the 

conventional  optical  fibers.  Moreover,  the  time  of  diffusion  involved  is 

rather  short,  thereby  causing  uncertainty  and  lack  of  reproduci bi 1 i ty  in  the 

waveguide  characteri sti cs .  Dilute  melts  of  mixtures  of  AgNOg  and  NaNOg  allow 

achievement  of  lower  An  and  more  controllable  diffusion  times  with  fiber 

compatible  waveguides  [4],  It  is  known  [5]  that  a  very  low  ionic 

concentration  of  silver  in  the  NaNO-,  melt  (N„  -  10~4  mole  fractions)  is 

4  Ag 

necessary  to  obtain  the  desired  single-mode  waveguides.  Moreover,  unlike  the 
case  of  K+  -  Na+  ion  exchange  where  the  surface- i ndex  change  (An)  depends 
linearly  on  the  concentration  of  K+  ions  in  the  KNOg  +  NaNOg  melt  [6],  in  the 
case  of  Ag+  -  Na+  exchange  An  is  found  to  be  highly  nonlinear  function  of 
the  silver  ion  melt  concentration  even  at  such  low  concentrations  [4],  Since 
An  is  expected  to  be  a  linear  fuction  of  the  concentration  of  silver  ions  in 
the  glass  matrix  [7],  it  is  necessary  to  understand  how  the  silver  ion  intake 


by  the  glass  is  affected  by  the  ion-exchange  parameters,  namely  the  melt 
concentration  ,  the  time  and  other  boundary  conditions  such  as  the  stirring  of 
the  melt.  An  ion-exchange  equilibrium  study  would  thus  not  only  provide  the 
correlation  between  the  measured  index  change  and  the  melt  concentration,  but 
also  permit  determination  of  the  boundary  conditions  for  solution  of  the 
diffusion  equation  to  calculate  the  index  profile.  In  particular,  it  will 
demonstrate  to  what  extent  the  general  assumption  that  the  interdiffusion 


coefficient  is  concentration  independent,  is  valid. 

Previous  studies  of  ion-exchange  equilibrium  in  glasses  include  the  early 
work  of  Schulze  [8]  and  later  the  pioneering  work  of  Garfinkel  [6]  involving 
many  different  cation  pairs.  In  both  these  studies,  the  silver  cation 


concentration  was  relatively  large  (N^g  >  0.1),  More  recently,  Stewart  and 
Laybourn  [3]  reported  a  study  of  Ag+  -  Na+  exchange  at  very  low  concentrations 


the  information 


required  tor  fabrication  of  single-mode  waveguides, 
on  the  surface  concentration  of  Ag+  in  glass  was 


However , 
obtained 


indirectly  by  optical  measurements  on  the  waveguides.  There  are  two 
drawbacks  in  such  a  method;  first,  the  WKB  method  employed  to  determine  the 
mode  indices  is  subject  to  error  in  some  cases  and  second,  the  assumption  that 
in  the  case  of  pure  AgNC^  melt,  all  the  surface  Na+  ions  in  glass  are 
substituted  for  Ag+  ions,  may  not  necessarily  be  valid.  In  this  work  we 
measure  absolute  concentration  of  Ag+  ions  in  a  soda-lime  glass  which  we  have 
successfully  used  to  fabricate  glass  waveguides  of  desired  and  reproducible 
characteristics  [5], 


THEORY 

Upon  immersion  of  the  glass  substrate  in  the  salt  solution,  silver  is 
driven  into  the  glass  by  an  interphase  chemical  potential  gradient  [9]. 
However,  because  Ag+  is  a  monovalent  cation,  an  equivalent  amount  of  charge, 
i.e.,  a  Na+  ion,  is  transported  in  the  opposite  direction  to  preserve  charge 
neutrality.  The  Ag+  -  Na+  binary  exchange  process  can  be  described  [6]  by  the 
following  chemical  reaction: 

Ag+  +  Na*  =  +  +  Na+,  (1) 

where  the  bar  indicates  the  cations  in  the  glass  phase.  In  a  liquid-solid 
phase  exchange  process,  the  rate  of  ion  exchange  may  be  limited  by  the 


following  processes: 


(i)  The  mass  transfer  of  reactants  to  and  removal  of  products  from  the 
reaction  interface  in  the  melt. 


(ii)  The  kinetics  of  the  reaction  at  the  interface. 


(iii)  The  transport  of  ions  in  the  glass  phase. 


The  transfer  of  cations  in  the  melt  takes  place  via  diffusion  and 
convection.  For  diffusion  to  be  the  limiting  process  in  the  melt.  Crank  [10] 
has  shown  that  the  important  parameter  is 


5 


where  denotes  the  silver  concentrati on  and  0^  the  self-diffusion 

coefficient.  If  this  parameter  is  greater  than  about  10,  the  rate  is  not 
mass-transfer  limited  in  the  melt.  Under  the  experimental  conditions  used  in 
this  study,  this  indeed  was  the  case. 


Convection  in  the  melt  can  be  altered  via  stirring  the  melt  and  its 
influence  on  the  mass  transfer  can  be  minimized.  The  kinetics  of  the  reaction 
is  expected  to  be  rather  fast  and  the  most  important  limiting  factor  thus  is 
the  transport  of  Ag+  ions  in  the  glass.  This  transport  occurs  via  diffusion 
and  the  egui 1 ibri um  state  of  reaction  (1)  specifies  the  surface  boundary 
condition  for  this  diffusion  process.  Control  of  the  surface-index  change  or 
the  cation  exchange  profile  in  glass  is  affected  by  manipulating  this  boundary 
condition  and  the  cation  transport  properties  in  the  glass. 

We  define  the  equilibrium  constant  for  reaction  (1)  as 

K  .  -M ■  . (2) 

a,,  a, 

Na  Ag 

Where  the  a' s  are  the  thermodynamic  activities  of  the  ions.  The  absolute 
value  of  K  depends  upon  the  reference  ‘'unctions  and  states  chosen  to  define 
the  activities.  For  molten  salts,  the  reference  state  is  normally  chosen  such 
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that  the  activity  coefficient  of  the  ion  approaches  its  mole  fraction  N  in  the 
pure  state.  The  reference  state  for  the  glass  phase  is  taken  as  that  in  which 
all  of  the  exchangeable  cations  are  of  the  species  in  question.  The  ratio  of 
the  activity  coefficients  in  the  molten  salt  can  be  represented  by  the  Regular 
Solution  Theory  [11] 


In  (- 


M. 


-)  =  In 


Na 


N 


-)  - 


Na 


RT 


U  -  2Nn  ) 


(3) 


Where  A  is  the  net  interaction  energy  which  is  assumed  to  be  independent  of 
temperature  and  melt  composition.  The  measurements  of  Laity  [12]  at  330°C 
suggest  the  value  of  A  equal  to  3515  J/mole  for  the  AgNO-^  +  NaNOg  melt. 

The  ratio  of  the  activities  in  glass  is  represented  by  the  n-type  behavior 
first  suggested  by  Rothmund  and  Kornfeld  [13], 

n 

-  )  (4) 


a  .  N. 

__ig _  =  ( _ 


Na 


N, 


Na 


Garrel  and  Christ  [14]  have  shown  that  this  empirical  relationship  is 
equivalent  to  regular  solution  theory  for  intermediate  glass  compositions. 
Substitution  of  the  ratios  of  the  activities  in  (2)  gives 

In  (  — )  +  (1-2  N.  )  =  n  1  n ( - ^ - )  _  lnK  (5) 

-  %  *9  1  -  Nftg 

If  the  models  for  the  activity  coefficients  in  the  two  phases  are  valid,  a 
plot  of  the  left  hand  side  of  (5)  versus 


should  yield  a  straight  line  with  slope  equal  to  n  and  intercept  equal  to 
1 n( 1/K) . 


EXPERIMENTAL  PROCEDURE 

The  ion  exchange  of  Ag+  with  Na1"  in  soda-lime  silicate  glass  was  carried 
out  at  330°C  as  a  function  of  time,  melt  composition  of  AgNOg  +  N3NO3  molten 
salts,  and  melt  stirring  conditions. 

A  summary  of  the  experimental  conditions  is  given  in  Table  1.  The 
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composition  and  density  of  the  soda-lime  glass  used  in  the  experiments  is 

given  in  Table  2.  Precleaned  glass  slides  were  rinsed  in  de-ionized  water, 
allowed  to  dry  and  then  placed  in  a  sample  holder  prior  to  each  experiment. 
The  bath,  sample  holder  and  stirrers  were  all  constructed  of  aluminum.  The 

temperature  was  controlled  to  ±  2°C  and  monitored  by  a  thermocouple  with 

stainless  steel  sheath. 

After  exchange  the  glass  sample  was  removed  from  the  melt  and  allowed  to 
cool.  It  was  then  washed  in  de-ionized  water  to  remove  absorbed  salt.  The 
glass  was  then  etched  in  steps  in  a  0.58  wt.  percent  HF  solution.  The 
resulting  etch  solution  for  each  step  was  analyzed  for  silver  in  Perkin-Elmer 
Model  280  atomic  absorption  spectrophotometer  calibrated  with  standards  of 
known  concentration.  The  estimated  precision  of  the  concentration  is  ±  0.3 
cation  fraction  and  of  the  depth  is  ±  1.6  x  1CT®  cm.  In  this  manner 

concentration  profiles  of  silver  in  the  glass  matrix  were  determined. 

RESULTS  AND  DISCUSSION 

Fig.  1  shows  the  measured  concentration  profiles  for  the  samples  listed  in 
Table  L.  The  surface  concentration  of  Ag+  in  glass  was  determined  by 
extrapol  ati  on  of  the  measured  concentrati  on  profile.  F.xtrapol  ati  on  was 
performed  by  fitting  the  profile  by  complimentary  error  function,  viz: 

NAy(x)  =  Nfty(x  =  0)  erfc  (x/  2/ lit) 

2  00  2 

where  erfc  (z)  =  —  /  e  "a  da 

/  1 r  z 

Here  t  is  the  diffusion  time.  The  assumption  of  the  erfc  profile  is  based  on 
the  solution  of  the  one-dimensional  diffusion  equation  with  time-independent 
boundary  condition  at  the  glass-melt  interface  [10].  The  fact  that  the 
profile  f^r  a  given  melt  concentration  does  not  depend  on  the  stirring 
condition  suggests  that  the  ion-exchange  process  is  not  mass  transfer  limited 
in  the  melt.  The  extrapolated  silver  cation  fractions  and  the  corresponding 
melt  cation  fractions  are  summarized  in  Table  3.  The  data  of  Table  3  are 
plotted  in  Fig.  2  and  as  expected  according  to  (5)  the  plot  appears  to  be 
linear  to  within  experimental  error  with  a  least  squares  value  of  n  equal  to 
1.49  and  K  equal  to  75.  Thus,  the  partitioning  of  silver  ions  between  the 
nitrate  melt  and  soda-lime  silicate  glass  is  nonlinear  in  the  composition 
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range  studied. 

The  results  of  these  equilibrium  studies  are  compared  in  Fig.  3  to  the 
smoothed  measurements  of  Schulze  [8]  in  a  soda-lime  silicate  glass.  Using  the 
same  regular  solution  description  of  the  melt,  the  values  of  n  and  K  derived 
from  the  data  of  Schulze  [8]  are  reported  to  be  1.08  and  120.  Figure  3  also 
shows  the  315°C  equilibrium  results  of  Stewart  and  Laybourn  [3]  determined  in 
a  similar  type  glass  as  studied  in  this  work.  The  reported  values  of  n  and  K 
are  1.32  and  131.  The  value  of  n  reported  in  this  work  is  close  to  the  value 
of  1.4  reported  by  Garfinkel  [6]  in  soda-lime  borosilicate  glass.  The  reason 
for  the  differences  in  the  values  of  the  exponent  is  probably  related  to 
differences  in  glass  composition  and  /or  structure.  The  value  of  the 

temperature  dependent  equilibrium  constant  is  in  fair  agreement  with  the 
results  of  Schulze  [8]  and  Stewart  and  Laybourn  [3],  and  the  results  of 
Doremus  [15]  in  the  high  silica  phase  of  two-phase  pyrex.  The  results  of  our 
work  suggest  a  large  value  of  the  silver  partition  coefficient  which  is 
similar  to  the  values  determined  by  silver  ion  tracer  diffusion  studies  in 
soda-lime  glass  [9]. 

CONCLUSION 

Concentration  profiles  of  silver  in  an  ion-exchanged  soda-lime  silicate 
glass  were  measured  by  atomic  absorption  spectroscopy  for  various  values  of 
exchange  time,  molten  salt  mixing  condition  and  melt  composition.  No  melt 

mass  transfer  or  surface  reaction  limitation  on  the  exchange  rate  could  be 

ascertained  from  the  measured  results.  Thus,  the  measured  surface 

concentration  represents  values  which  are  in  equilibrium  with  the  melt.  The 
330°C  isotherm  is  described  with  a  regular  solution  model  applied  to  the 
activities  of  the  cations  in  the  melt  and  an  n-type  behavior  in  the  glass 
phase.  With  the  AgNO^  +  NaNO^  melt  interaction  energy  fixed  at  the  previously 
measured  value  of  3515J/mole,  the  value  of  n  was  determined  to  be  1.49;  the 
corresponding  value  of  the  equilibrium  constant  for  the  exchange  reaction  was 
K=75.  The  results  explain  the  nonlinear  dependence  of  the  surface  index 
change  with  the  melt  concentration  of  the  silver  ions  at  such  low 
concentrations. 
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LIST  OF  FIGURES 


Figure  1. 

Concentration  profiles  of  silver  from  a  silver  nitrate-sodium  nitrate 
melt  into  soda-lime  silicate  galss  at  330°  for  60  min.  N/^  =  1.9  x  10“^; 
V  -sample  A,  □  -sample  B,  A  -sample  C,  <>  -sample  D,  o  -sample  E. 

Figure  2. 

Test  of  melt  regular  solution  and  glass  n-type  behavior  for  Ag+-Na+ 
exchange  in  soda-lime  silicate  glass. 

Figure  3. 

Partitioning  of  silver  between  silver  nitrate-sodium  nitrate  melt  and 

soda-lime  silicate  glass  at  330°C.  -  calculated  isotherm  with  n  =  1.49 

and  K  =  75;  -  -  -  -  calculated  isotherm  with  n  =  1.08  and  K  =  120  from 

reduction  of  measurements  of  Schulze  [8], - - -  - calculated 

isotherm  with  n  =  1.32  and  K  =  131  from  measurement  of  Stewart  and 
Laybourn  [3], 
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Tuple  1.  Summary  of  experimental  conditions  for  ior.~excr.ange 
studies  at  330°C 


Sample 


'Jumper  of 


A 

1.90  x  :o~4 

1 

Q 

B 

1.90  x  10“4 

1 

0 

C 

1 .90  X  10-4 

1 

1 

D 

i.90  x  ;o_l4 

1 

1 

E 

,  q  v 

i  .  y\j  X  i  0 

1 

0 

F 

1.90  x  10'a 

3 

G 

1  .90  x  10"4 

4 

i 

H 

9.57  x  -0-4 

4 

i 

I 

1.97  x  10_3 

4 

i 

J 

9.06  x  10"3 

4 

i 

K 

8 .03  x  10~3 

4 

1 

L 

1  .20  x  10'2 

4 

1 
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Table  3. 

Extrapolated  Ag^  surface 

concentrations 

S  3uT.  p  ]  £ 

M 

Ag 

N 

Ag 

A 

1  .90  x  lO"4 

O.OS37 

r  B 

1  .90  x  10'^ 

0.0793 

C 

'•90  x  10"4 

0.0973 

D 

1.90  x  icT14 

0.0913 

E 

1  -90  x  10~* 

0.0857 

F 

1  .90  x  10'" 

0.0797 

G 

1  .  90  x  ',0~'A 

0.07AU 

H 

9.97  x  10~U 

0.231 

I 

1  .97  x  10"3 

0.339 

J 

9.06  x  10~3 

0 .  •’)  y  9 

K 

B.03  x  10~3 

C.5-7 

!  L 

1 .20  x  ’O'2 

0.527 
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(unf)  X 


Concentration  of  Silver  (  mole/I ) 


NO 


CD  CD 

c n  co 
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In  (NAg/1  -NAg  )  +  A/RT ( l“2NAg) 
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Abstract 


The  Ag+-Na+  ion-exchange  process  in  a  soda-lime  silicate  glass  was 
studied  at  330°  as  a  function  of  composition  of  AgNO^-NaNO^  melt,  mixing 
condition  and  exchange  time.  The  concentration  profile  of  silver  in  glass  was 
measured  by  atomic  absorption  spectroscopy  and  SEM  technique.  The  surface 
index  change  and  the  index  profile  were  determined  from  mode  index 
measurement.  An  excellent  correlation  between  the  index  profile  and  diffusion 
profile  was  observed  and  an  empirical  linear  relation  between  the  surface- 
silver  concentration  and  the  surface-index  change  was  obtained.  Ion-exchange 
was  modeled  by  an  ion  diffusion  limited  process  in  the  glass  with  an 
equilibrium  chemical  reaction  at  the  melt-glass  interface.  A  large  value  of 

__  o 

75  for  the  equilibrium  constant  at  low  silver  melt  concentrations  (<10  mole 
fractions)  shows  that  uptake  of  silver  in  glass  varies  in  highly  nonlinear 
fashion  with  the  melt  concentration.  The  results  provide  boundary  conditions 
necessary  for  solution  of  the  diffusion  equation  and  design  of  single-mode 
waveguides . 
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I.  Introduction 


The  binary  exchange  between  Ag+  and  Na+  Ions  In  soda-lime  glass  has  been 
successfully  used  by  many  researchers  to  fabricate  passive  waveguide 
components  for  applications  in  optical  signal  processing  and  sensors  [1-10]. 
Basically,  there  are  two  approaches  to  waveguide  formation  by  ion-exchange. 

In  one  method  [7,8],  a  silver  film  is  first  deposited  on  a  glass  surface. 

Then  ion  exchange  between  Ag+  and  Na+  is  effected  at  elevated  temperature  by 
field-assisted  diffusion.  Experimentally  it  is  found  that  an  external 
electric  field  is  necessary  for  ion-exchange  to  occur  from  a  metal  film.  In 
an  alternative  and  widely  studied  approach  [1-6],  a  glass  substrate  is 

immersed  in  a  binary  molten  salt  bath  of  silver  and  sodium  nitrate.  When  pure 
AgN03  melt  is  used,  large  surface  index  changes  (  An~0 . 1  )  are  obtained 

associated  with  the  large  silver  concentration  in  the  glass  matrix  which 
causes  scattering  and  absorption.  Both  these  mechanisms  are  caused  by 
reduction  of  silver  to  the  zero  oxidation  state  [6], 

Single-mode  waveguides  made  by  both  processes  are  shallow,  and  the  mode- 
field  distribution  is  not  compatible  with  that  of  conventional  single-mode 
fibers.  In  addition,  ion-exchange  times  usually  are  relatively  short  (~  few 
minutes),  thus  producing  uncertainty  and  irreproducibility  in  the  waveguide 
characteristics.  In  order  to  circumvent  these  problems,  very  dilute 
concentrations  of  Ag+  ions  in  NaNO^  have  been  used.  These  low  concentrations 
are  achieved  either  by  using  an  initial  molten  salt  composition  dilute  in 
AgNOj  [3, A, 9]  or  by  releasing  silver  ions  electrolvt ically  from  a  pure  silver 
cathode  into  an  intlally  pure  NaN03  melt  [10].  The  surface  index  change  and 
the  index  profile  depend  strongly  upon  the  silver  concentration  in  the  melt. 
A  very  low  silver  concentration,  NA  ,  in  the  NaNO^  melt  (  ~  10”^  mole 
fraction)  is  necessary  to  obtain  the  desired  single-mode,  waveguides  [9].  The 
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electrolytic  release  technique  allows  on-line  control  of  melt  Ag ' 
concentration  and  therefore  control  of  the  Index  profile.  As  the  surface- 
index  change  is  expected  to  be  a  linear  runction  of  the  concentration  of 
silver  ions  in  the  glass  [11],  it  is  necessary  to  understand  how  the  silver 
ion  intake  by  the  glass  is  affected  by  the  process  parameters  in  the  ion- 

exchange  technique  (e.g.,  melt  Ag+  concentration,  exchange  time,  temperature, 
melt  mixing  condition).  In  particular,  knowledge  of  the  Ag+-Na+  ion-exchange 
equilibrium  isotherm  is  necessary  to  establish  the  correct  boundary  condition 
for  solution  of  the  diffusion  equation.  The  calculated  concentration  profile 
in  the  glass  is  directly  related  to  the  index  profile  which  can  be  verified  by 
optical  measurements  or  analysis  of  back-scattered  electrons  in  a  scanning 
electron  microscope  (SEM)  [12].  In  this  way,  the  validity  of  assuming  a 

constant  interdiffusion  coefficient  can  be  checked  [3,12]. 

Previous  studies  of  ion-exchange  equilibrium  in  glasses  include  the  early 

work  of  Schulze  [13]  and  later,  the  pioneering  work  of  Garflnkel  [14] 

involving  several  cation  pairs.  In  both  these  studies,  the  silver  cation 

concentration  was  relatively  large  (N^g  >  0.1).  More  recently,  Stewart  3nd 

Layboum  [3]  reported  a  study  of  Ag+  -  Na+  exchange  in  the  concentration  range 

-4  + 

required  for  fabrication  of  single-mode  waveguides  (  ~  10  )  The  Ag 

surface  concentration  in  glass  was  obtained  indirectly  by  optical  measurements 
on  fabricated  waveguides.  There  are,  however,  two  disadvantages  in  this 

method  of  determining  surface  concentration.  First,  the  WK8  method  employed 
to  determine  the  mode  indices  is  subject  to  error  under  conditions  where  the 
waveguide  supports  only  one  or  two  modes.  Also,  the  assumption  of  complete 
ion-exchange  (all  surface  Na+  ions  in  glass  are  substituted  for  Ag+  ions)  may 
not  be  valid.  For  example,  in  the  case  of  K+-Na+  exchange  from  pure  KNO^ 
melts,  only  90%  of  Na+  sites  at  the  glass  surface  are.  replaced_hy-K+  [15].  In 
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this  work,  the  absolute  concentrat  ion  of  Ag+  ions  in  a  soda-lime  glass  was 
measured  by  atomic  absorption  spectrometry  (AA)  for  glass  compositions  that 
have  been  used  to  successfully  fabricate  glass  waveguides  of  desired  and 
reproducible  characteristics  [9,10,12,16].  The  measured  surface-silver 
concentration  has  been  related  to  the  surface  index  change  (An)  derived  from 
the  mode  indices. 

II .  Theory : 

A.  The  Diffusion  Equation 

The  time  dependent  one-  dimensional  continuity  equation  for  Ag+ ,  can  be 
written  as  [  17  ] : 


3N 


3t 


Ag  _  3 _ 

3x 


3N 

(D  -  Ag-  ■) 
3  x 


(1) 


Ah 

where  N  =  — ‘-s- 

Ag 


G  ,  +  C. 

Na  Ag 


is  the  mole  fraction  of  Ag  in  the  glass  phase, 


is  the  molar  concentration  of  ion  i,  and  0  is  the  interdiffusion 
coefficient  given  by  [13]: 


D  = 


Dv  Dm 

A  g  la 


D'  +  Di 


n. 


(2) 


Ag  Ag 


Ja 


In  this  expression,  is  the  tracer  diffusion  coefficient  for  ion  i  in  the 
glass  (self-diffusion  coefficient)  of  the  respective  ion.  The  coefficient  n 
is  related  to  the  concentration  derivative  of  the  Ag+  activity  in  the  viass 
(see  Section  II  3). 

In  the  case  that  I>Ag  =  D.^  or  «  1,  the  interdiffusion 

coefficient  D  is  directly  proportional  to  the  self-diffusion  coefficient  of 
silver,  DAg.  Thus,  under  conditions  of  low  silver  concentration  in  the 
glass,  DAg  is  expected  to  be  approximately  constant  and  theassumption  of  a 
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concentration  independent  interd t f f us  ion  coefficient  is  valid.  As  previously 


mentioned,  one  of  the  objectives  of  this  study  was  to  determine  diffused  Ag 
concentration  profiles  produced  under  typical  process  conditions  and  thus 
identify  the  concentration  range  for  which  the  above  assumption  is  valid. 

With  the  assumption  that  D  is  independent  of  N  ,  equation  (1)  reduces  to 


3N 

—  =  nD 

3  t 


2 

3  N 


Ar 


3x2 


(3) 


With  the  initial  and  the  boundary  conditions. 


N,  (x,0)  =  0  at  x  ;  0  , 
Ag 


N,  (0,t)  =  N  0  =  constant 
_Ag  Ag 

N  (=°,t)  =0, 

Ag 


the  solution  to  equation  (3)  is  [17]: 


N,  (x,t)  =  N  erfc  (x/W  ), 
Ag  Ag  o 


(4) 


where 


W  =  2  /  Dt 
o 


y  nD^t 


(5) 


B.  Ion-Exchange  Equilibrium 


Upon  immersion  of  the  glass  substrate  In  the  salt  solution,  Ag+  is  driven  into 
the  glass  by  an  interphase  chemical  potential  gradient  [13].  To  preserve 
charge  neutrality,  an  equivalent  amount  of  charge  (i.e.,  Na+)  is  transported 
in  the  opposite  direction.  The  Agf  -  Na+  binary  exchange  process  can  be 
described  [14]  by  the  following  chemical  reaction: 
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(6) 


+  —  +  —  +  + 

Ag  +-  Na  Ag  +  N'a 

where  the  bar  indicates  cations  in  the  glass  phase.  In  a  liquid-solid  phase 
exchange  process,  the  rate  of  ion  exchange  may  be  limited  by  the  following 
processes : 

(i)  Mass  transfer  of  reactants  to  and  removal  of  products  from  the 
reaction  interface  in  the  melt. 

(ii)  Kinetics  of  the  reaction  at  the  interface. 

(iii)  Transport  of  ions  in  the  glass  phase. 

Transfer  of  cations  in  the  melt  can  take  place  by  diffusion  and 
convection  (natural  or  forced).  Natural  convection  Is  driven  by  density 
variations  and  is  not  expected  to  be  a  dominant  mechanist:,  because  of 
isothermal  operation  and  small  exchange  amounts.  By  proper  arrangement  of  the 
exchange  geometry  (horlzonal  placement  of  the  glass  at  the  top  of  the  melt) 
solutal-dr Iven  natural  convection  can  be  eliminated.  Forced  convection  can 
have  a  significant  effect  on  ion  transport  in  the  bath  melt.  A  hydrodynamic 
boundary  layer,  however,  will  develop  near  the  solid  surface;  the  extent  of 
the  boundary  layer  depending  on  the  geometry.  Ion  diffusion  is  the  mechanism 
of  transport  in  a  stagnant  melt  or  across  a  stagnant  boundary  layer.  For  an 
infinite  composite  medium,  Crank  [L7j  gives  the  concentration  in  the  melt  as 


—  )  erfc  (x/2/l)  t)j 

DAg 


1 98 


where  N,  and  D, „  are  the  silver  concentration  at  ''he  melt-glass  interface 
Ag  Ag 

and  diffusion  coefficient  in  the  melt  and  the  bar  signifies  these  quantities 

in  the  glass.  When  the  quantity  (N°  /  N°)  (D.  /D  is  small  compared  to 

Ag  Ag  Ag  Ag 

unity,  the  concentration  is  nearly  constant  in  the  melt  and  the  diffusion 

resistance  in  the  melt  is  small.  The  value  of  this  quantity  at  conditions 

investigated  in  this  study  is  on  the  order  of  0.1.  The  values  of 

the  D  and  (  N°  /  N°  )  were  taken  from  the  results  reported  here  and  the  value 
Ag  Ag  Ag 

of  according  to  Inmann  and  Bockrls  [19].  Thus  ion  diffusion  in  the  melt 

is  not  expected  to  be  the  major  resistance  in  the  exchange  process. 


Forced  convection  in  the  melt  can  be  achieved  by  stirring  the  melt  to 


increase  the  melt  mass  transfer  rate.  Reaction  rates  are  generally  rather 
fast  and  the  limiting  process  is  expected  to  be  transport  of  Ag+  in  the 
glass.  This  transport  occurs  by  ion  diffusion  and  the  equilibrium  state  of 
reaction  (6)  specifies  the  surface  boundary  condition  for  this  diffusion 
process.  Control  of  the  surf ace- index  change  and  the  cation  exchange  profile 
in  glass  is  affected  by  manipulating  this  boundary  condition  and  the  cation 
transport  properties  in  the  glass. 

The  equilibrium  constant  for  reaction  (6)  is  defined  as 


K 


(7) 


where  the  a^  is  the  thermodynamic  activity  of  Na  or  Ag.  The  value  of  K  is  a 
function  of  temperature  and  the  composition  of  the  glass  and  melt.  For  molten 
salts,  the  standard  state  is  normally  chosen  to  be  the  pure  molten  salt  at  the 
temperature  of  interest.  The  reference  state  for  the  glass  phase  is  taken  as 
that  Ln  which  all  of  the  exchangeable  cations  are  of  the  species  In 
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question.  The  ratio  of  the  molten  salt  component  activities  for  AgNO^-NaNO^ 
is  well  represented  hy  regular  solution  theory  [20] 


In 


)  =  In  ( 

aNa 


Ag 


Na 


2N  ) 
Na 


(8) 


where  A  is  the  net  interaction  energy  which  is  assumed  to  be  Independent  of 
temperature  and  melt  composition.  The  measurements  of  Laity  [21]  at  330°C 
suggest  the  value  of  A  equal  to  3515  J/mole  for  the  AgN03  +  NaNO^  melt. 

The  r3tio  of  component  activities  in  glass  can  be  represented  by  an 
emperical  n-type  model,  first  suggested  by  Rothmund  and  Kornfeld  [22], 


TT  n 


N 


Na 


(9) 


Garrel  and  Christ  [23]  have  shown  that  this  empirical  relationship  is 
equivalent  to  regular  solution  theory  for  intermediate  glass  compositions. 
Substitution  of  the  activity  ratios  in  equation  (7)  gives 


In  (- 


Ag 


1  -  N 


Ag 


A 

RT 


(1  -  2  M.  )  =  n  ln(- 
Ag 


Ag 


1  -  N 


-)  -  In  K  (10) 
Ag 


If  the  activity  models  used  to  describe  the  solution  behavior  of  both  phases 
are  valid,  a  plot  of  the  left  hand  side  of  (10)  versus 
In  {  /  (  1  -  N  )  }  should  yield  a  straight  line  with  slope  equal  to  n 

and  Intercept  equal  to  ln( 1/K) . 
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III.  EXPERIMENTAL  PROCEDURE 


The  ion-exchange  of  Ag+  with  Ma+  in  soda-lime  silicate  glass  was  carried 
out  at  330°C  as  a  function  of  time,  AgNOj  -  NaNOg  melt  composition  and  melt 
stirring  condition. 

A  summary  of  the  experimental  conditions  is  given  in  Table  1.  The 
composition  and  density  of  the  soda-lime  glass  used  in  the  experiments  is 
given  in  Table  2.  Precleaned  glass  slides  were  rinsed  in  de-ionized  water, 
allowed  to  dry  and  then  placed  in  a  sample  holder  prior  to  each  experiment. 
The  bath,  sample  holder  and  stirrers  were  all  constructed  of  aluminum.  The 
temperature  was  controlled  to  ±  2°C  and  monitored  by  a  thermocouple  housed  in 
a  stainless  steel  sheath. 

After  exchange,  the  glass  sample  was  removed  from  the  melt  and  allowed  to 
cool.  It  was  then  washed  in  de-ionized  water  to  remove  adsorbed  salt.  The 
glass  was  then  etched  in  steps  of  ~  lum  in  a  0.58  wt .  percent  HF  solution. 
The  resulting  etch  solution  for  each  step  was  analyzed  for  silver  in  a  Perkin- 
Elrner  Model  280  atomic  absorption  spectrophotometer  calibrated  with  standards 
of  known  concentration.  The  estimated  precision  of  the  measured  concentration 
is  ±  0.03  cation  fraction  and  of  the  depth  is  ±  1.6  x  10”^  Cm.  In  this  manner 
concentration  profiles  of  silver  in  the  glass  matrix  were  determined.  It  was 
observed  that  the  profile  data  agrees  very  well  with  the  erfc  functionality 
expressed  in  equation  (4).  The  best  fit  to  the  data  was  used  to  derive  the 
value  of  surface  concentration  This  extrapolation  procedure  to  derive 

N.°  is  reasonably  accurate  for  low  melt  concentrations  (N,  <  10 

Ag  Ag 

since  the  silver  concentration  profile  resembles  erfc.  At  higher  melt  concen¬ 
trations  however,  the  profile  is  slightly  altered  and  the  extrapolation  may 
cause  errors  on  the  order  of  10%  in  N,°. 
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Waveguides  fabricated  from  the  same  batch  were  also  analyzed  by  SEM  to 
determine  the  silver  diffusion  profile.  The  experimental  details  are  given  in 
Ref.  [12]. 

In  addition,  planar  waveguides  were  characterized  for  the  mode  indices 
using  a  prism  coupler.  In  the  case  of  waveguides  which  supported  one  or  two 
modes,  the  mode  index  data  were  correlated  with  the  theory  as  follows:  The 
one-dimensional  normalized  Helmholtz  equation  was  solved  for  the  measured 
profile  by  a  finite-difference  method  to  obtain  the  mode  indices  of  the  TE 
modes.  The  two  parameters  An  and  Wq  =  2  /  D  t  were  adjusted  to  give  the  best 
fit  to  the  measured  mode  indices.  When  waveguides  supported  many  modes  (>6), 
the  inverse  WKB  method  [24]  was  employed  to  give  the  index  profile  and  the 
surface- index  change  (An). 


IV.  RESULTS  AND  DISCUSSION 

Fig.  1  shows  the  measured  concentration  profiles  for  some  of  the  samples 
listed  in  Table  1  (NAg  =  1.9x10  A).  The  fact  that  the  profile  for  a  given 
melt  concentration  does  not  depend  on  the  stirring  condition  suggests  that  the 
ion-exchange  process  is  not  mass  transfer  limited  in  the  melt.  The  data  of 
Fig.  1  can  be  adequately  fit  to  the  erfc  index  profile  given  by  equations 
(4,5).  This  indicates  that  the  interdiffusion  coefficient,  D,  is  indeed 
con centr at  Ion- independent  at  low  Ag  melt  concentrations.  The  value  of  D  , 

_i  c  n 

(2.2x10  mz/s)  as  obtained  from  the  data  of  Fig.  1,  is  in  excellent 
agreement  with  that  derived  from  measured  optical  mode  indices  and  by  the  SEM 
technique. 

A  comparison  of  the  values  of  D  obtained  by  various  workers  in  similar 
glasses  is  shown  in  Table  3  where  we  have  extrapolated  their  data  to  330°C 
using  an  activation  energy  of  9.1xlOA  J/mole  for  _D_[1,9}. _ Although  our 
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results  are  In  close  agreement  with  the  results  of  these  authors  except  those 
of  [5],  close  agreement  Is  not  expected  a  priori  since  the  glass  as  well  as 
melt  compositions  differ  considerably  and  the  procedures  for  deriving  the 
values  of  D  from  the  measured  diffusion  profile  also  vary.  For  example,  in 
the  case  of  Ref.  [28]  the  results  were  obtained  by  measuring  the  diffusion 
depth  of  the  step-like  profiles  observed  in  the  presence  of  an  applied  field 
and  using  the  Einstein  relation  for  the  mobility  and  self-diffusion 
coefficient  of  silver  ions.  The  extrapolated  silver  cation  fractions  and  the 
corresponding  melt  cation  fractions  are  plotted  in  Fig.  2  and,  consistent  with 
equation  (10),  the  plot  is  linear  within  the  experimental  measurement  error. 
A  least-squares  regression  analysis  of  the  data  gives  a  value  of  n  equal  to 
1.49  and  K  equal  to  75.  Thus,  the  partitioning  of  silver  ions  between  the 
nitrate  melt  and  soda-lime  silicate  glass  is  nonlinear  in  the  composition 
studied.  This  non-linear  behavior  indicates  that  the  assumption  of  concen- 

/V 

tration  independent  D  is  valid  only  at  very  low  melt  concentration  of  silver 
(NAg  <  0.1  or  equivalently  NAg  <  2x10  ^)  .  For  NAg  >  10-^,  almost  25%  of  the 
sodium  ions  in  the  glass  are  replaced  by  silver  ions.  For  these  compositions 
the  first  term  in  the  denominator  of  equation  (2)  cannot  be 

neglected  and  D  becomes  concentration  dependent.  This  is  evidenced  by  a 
change  in  the  concentration  profile  which  is  not  consistent  with  equation  (4) 
as  discussed  in  Section  II-A. 

The  results  of  these  equilibrium  studies  are  compared  in  Fig.  3  to  the 
smoothed  measurements  of  Schulze  [13]  in  a  soda-lime  silicate  glass.  Using 
the  same  regular  solution  description  of  the  melt,  the  values  of  n  and  K 
derived  from  the  data  of  Schulze  [13]  are  reported  to  be  1.03  and  120.  Figure 
3  also  shows  the  315°  equilibrium  results  of  Stewart  and  Laybourn  [3] 
determined  in  a  glass  similar  to  that  studied  in_this_wock- The— reported 


values  of  a  and  K  are  1.32  and  131.  The  value  of  n  reported  in  this  work  is 

close  to  the  value  of  1.4  reported  by  Garfinkel  [4]  in  a  borosilicate  glass. 

The  differences  in  the  values  of  the  exponent  are  probably  related  to 
differences  in  glass  composition  and/or  structure.  The  value  of  the 

temperature  dependent  equilibrium  constant  is  in  fair  agreement  with  the 

results  of  Schulze  [13],  Stewart  and  Layboum  [3],  and  of  Doremus  [25]  in  the 
high  silica  phase  of  two-phase  pyrex.  The  results  of  our  work  suggest  a  large 
value  of  the  silver  partition  coefficient,  similar  to  the  values  determined  by 
silver  ion  tracer  diffusion  studies  in  soda-lime  glass  [19].  Fig.  4  shows  the 
correlation  between  An  and  as  a  function  of  NAj,.  As  expected,  the  two 

quantities  obey  a  linear  relationship,  with  An  *  0.1  N  for  this  glass 
composition.  These  results  are  in  agreement  with  those  of  Fainaro  et.  al. 
[26]  who  used  energy  dispersive  x-ray  spectrometry  for  concentration 
measurements  in  a  soda-lime  glass  of  composition  slmlliar  to  the  one  reported 
in  this  work. 

The  large  value  of  equilibrium  constant  which  is  responsible  for  the 
steep  slope  of  the  N  vs.  NAg  curve  in  Fig.  3  has  important  implications  in 
batch  fabrication  of  single  mode  fiber  compatible  waveguides  using  the  Ag+-Na+ 
ion-exchange  process.  Such  guides  are  required  to  have  diffusion  depths  of 
the  order  of  10  pm  which  translates  into  peak  index  changes  of  the  order  of 

An  =  3x10  .  Such  small  changes  can  only  be  achieved  at  very  low  melt 

-4 

concentrations  (NAg  ~  10  ).  Precise  control  of  the  melt  concentration  at 
-4 

values  of  <  10  is  required  to  achieve  adequate  reproducibility  in  the 
waveguide  characteristics.  This  can  be  achieved  by  using  an  electrolytic 
technique  [10]  for  release  of  silver  ions  in  the  melt  and  insitu  galvanic 
potential  measurement  to  determine  N,  and  thus  provide  a  feedback  control 


loop  [27]. 
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V.  Conclusion: 

The  Ag+-Na+  ion-exchange  equilibrium  has  been  studied  under  conditions 
used  for  fabrication  of  optical  waveguides  in  soda-lime  silicate  glass.  The 
concentration  profile  of  silver  in  glass  was  measured  by  atomic  absorption 
spectroscopy  and  analysis  of  back-scattered  electrons  in  SEM.  The  surface- 
index  change  and  the  interdiffusion  coefficient  were  determined  from 
measurement  of  mode  indices  using  a  prism  coupler.  The  ion  exchange  process 
was  modeled  by  an  ion  diffusion  limited  process  in  the  glass  with  an 
equilibrium  chemical  reaction  at  the  melt-  glass  interface.  The  value  of  the 
equilibrium  constant,  K,  was  determined  assuming  a  regular  solution  theory  for 
the  thermodynamic  activity  of  the  cations  in  the  melt  and  an  n-type  behaviour 
in  the  glass  phase.  The  large  value  of  K  indicates  that  the  uptake  of  silver 
in  glass  varies  in  a  highly  nonlinear  fashion  with  melt  concentration.  The 


results  are  in  reasonable  agreement  with  previous  studies  on  similar  glasses 
at  higher  melt  concentrations.  The  surface-silver  melt  concentration  N  0 
was  correlated  to  the  surface-index  change  and  a  linear  relation, 

An  =  0.1  N  ,  was  empirically  determined  for  this  glass  composition.  It  was 

Ag 

found  that  the  interdiffusion  coefficient  is  concentration  independent  at  low 
melt  concentration  and  excellent  agreement  was  observed  in  the  concentration 


values  obtained  by  AA,  SEM  and  optical  techniques. 
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LIST  OF  FIGURES 


Figure  1. 

Concentration  profiles  of  silver  from  a  silver  nitrate-sodium 
nitrate  melt  into  soda-lime  silicate  glass  at  330°  for  60  min.  NAg 
=  1.9  x  lO-^;  V  -sample  A,  □  -sample  B,  A  -sample  C,  <>  -sample 
D,  o  -sample  E. 

Figure  2. 

Test  of  melt  regular  solution  and  glass  n-type  behavior  for  Ag+-Na+ 
exchange  In  soda-lime  silicate  glass. 

Figure  3. 

Partitioning  of  silver  between  silver  nitrate-sodium  nitrate  melt 
and  soda-lime  silicate  glass  at  330°C.  (  1)  o  Experimental 

data, -  calculated  Isotherm  with  n  =  1.49  and  K  =  75;  -  -  -  -, 

calculated  isotherm  with  n  =  1.08  and  K  =  120  from  reduction  of 

measurements  of  Schulze;  [3]  -  -  -  -  -  calculated  isotherm 

with  n  =  1.32  and  X  =  131  from  measurement  of  Stewart  and  Laybourn 
[3]. 

Figure  4. 

Variation  of  the  surface-index  change  (An)  and  the  surface-silver 
concentration  with  the  melt  concentration  (N^CT) . 
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Table  1 


Summary  of  experimental  conditions  for  ion-exchange 
studies  at  330°C. 


Sample 

NAg 

Time  (h) 

Number  of  stirrers 

A 

1.90  x 

lo-4 

1 

0 

B 

1.90  x 

10-4 

1 

0 

C 

1.90  x 

10-4 

1 

1 

D 

1.90  x 

10-4 

1 

1 

E 

1.90  x 

lO*4 

1 

2 

F 

X 

o 

*  ■  i 

10-4 

3 

1 

G 

1.90  x 

lO"4 

4 

1 

H 

9.97  x 

lO'4 

4 

1 

I 

1.97  x 

10~  3 

4 

1 

J 

4.06  x 

10~3 

4 

1 

K 

8.03  x 

10"3 

4 

1 

L 

1.20  x 

10-2 

4 

1 
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Table  2. 


Chemical  composition  of  Fisher  brand  glass  slide  (wtZ) . 


Oxide  Weight  % 


sio2 

72.25 

Na20 

14.31 

CaO 

6.40 

Al2°3 

1.20 

k2o 

1.20 

MgO 

4.30 

Fg  2°  3 

0.03 

so3 

0.30 

Density  =  2.4667  g/cm^ 
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Table  3. 


Interdlf fusion  Coefficients  (330°C). 


Reference 


D  ( 10  ^m2 /s) 


This  work  2.2 

3  2.06 

18  2.47 

23  1.77 

5  7.1 
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Abstract 

We  describe  fabrication  and  characterization  techniques  for  qlass  wavequides  for  inte- 
qrated  optical  components  using  ion-exchanae  technique,  with  emphasis  on  silver-sodium  ex¬ 
change  in  soda-lime  silicate  qlass.  A  systematic  study  of  the  relationship  between  process 
parameters  and  wavequide  performance  is  presented  with  the  ob-jective  of  optimization  of  the 
1-0  components  for  fiber  compatibility. 

I.  INTRO DUCT IOW 

Passive  qlass  wavequides  made  by  ior.-e xchanqe  technique  are  considered  to  be  prime 
candidates  for  1-0  device  applications  such  as  star  couplers,  access  couplers,  wavefront 
sensors,  multiplexers,  demultiplexers,  and  in  sensors  such  as  qyroscooes.  the  importance  of 
the  qlass  wavequide-based  1-0  components  is  borne  out  by  their  compatibility  with  optical 
fibers,  potentially  low  cust,  and  low  pronaqation  losses.  However,  strict  tolerance  re¬ 
quirements  are  placed  on  passive  components  as  the  qlass  index  cannot  be  varied  by 
application  of  an  external  field.  Fabrication  of  devices  such  as  multiplexers  calls  for 
reproducibility  in  the  propaqation  constant  of  the  quided  mode  to  an  accuracy  of  better  than 
10”  .  In  order  to  fabricate  qlass  wavequide  devices  with  such  reproducible  charac  xristics, 
it  i«  necessary  that  the  role  of  processinq  parameters  on  the  wavequide  performance  be  well 
understood . 

Ion-Exchange  Process 

Optical  waveguides  i  substrates  ■.  e  fabricated  by  ion-exchanqe  process^  which 

creates  a  layer  of  hie  .  re'r  tive  index  near  the  surface  of  the  substrate^  This  is 
accomplished  bv  diffusi.  -f  a  nu.  ivalent  cation  of  hiqher  polarizabi 1 ity  e.g.  Cs  ,  Rb  ,  K  , 
Aq+,  Tl+  into  the  qlass  matrix  \  ere  it  exchanges  with  Na+  or  K+  ions.  •”  of  the  various 
ions  exchanqed  in  qlass  by  diffusion,  each  one  has  its  advantages  and  disadvantages.  Most 
of  the  work  published  in  the  literature  is  based  on  K+-Na+  or  Aq  +  -Na  binary  systems.  K 
can  be  easily  incorporated  in  soda-lime , borosilicate  or  pyrex  qlasses  from  pure  KNO-} 
melt.  The  accompanying  surface-index  chanqe  is  small  (~Q.D1J  and  the  diffusion  process  is 
characterized  by  a  small  diffusion  coefficient  (0~2xl0  m  /s  at  3n5°C).  Thus  larqe  dif¬ 
fusion  times  (~  few  hours)  are  necessary  for  suitable  wavequidinq  to  occun  K-Wa  exchanqe 
has  been  used  for  fabrication  of  channel  wavequides,^  star  couplers  and  directional 
couplers”  for  sinqle-mode  device  aplications  but  the  structures  have  not  been  optimized 
either  for  the  wavequide  losses  or  for  their  compatibility  with  optical  fibers.  Moreover, 
the  resulting  wavequides  are  observed  to  be  bi ref r inqent . 

Aq4'-Na'*'  Exchanqe 

The  binary  exchanqe  of  Aq+-MaT  is  by  far  the  most  researched  technique^ '  ^  ^  and  in 

the  followinq  we  will  emphasize  this  process  particularly .  When  nure  AqNO-^  melt  is  used, 
larqe  An  (~0.1)  wavequides  are  obtained  which  have  some  disadvantages:  A  larqe  silver 

concentration  in  qlass  causes  colorinq  due  to  silver  reduction;  sinqle-mode  guides  are 
shallow  (~  2  um  deep)  and  thus  incompatible  with  optical  fibers  used  in  optical 

communications  systems.  Moreover,  the  diffusion  time  is  rather  short  (~  minutes),  thereby 

causinq  uncertainty  and  lack  of  reproducibility  in  wavequide  characteristics.  Dilute 

solutions  of  AqNOo  and  MaNOi  are  therefore  used1-5,14  to  allow  lower  An  gnd  more  controllable 
diffusion  times  C~  60  min.).  A  very  low  ionic  concentration  (N  ~  mole  fractions)  of 
silver  is  necessary  to  obtain  sinqle-mode  wavequides  with  diffusion  depth  compatible  with 
singe-mode  fiber  cores.  This  is  attributed  to  a  relatively  larqe  partition  coefficient  of 
silver  in  soda-lime  qlass  as  determined  by  ion-exchanqe  equilibrium  studies. The  results 
(shown  in  Fiq.  1)  show  uptake  of  Aq+  by  glass  is  a  highly  nonlinear  function  of  silver  melt 
concentration  and  a  slight  variation  in  its  value  is  expected  to  cause  larqe  changes  in  the 
surface-index  chanqe.  This  accentuates  the  requirement  for  a  tight  control  of  W.  .  Such  a 
control  nay  be  achieved  by  on-line  monitoring  of  using  a  concentration  cell,  releasinq 

silver  ions  into  the  molten  NaNO^  salt  bath  by  the  electrolytic  release  technique1  and 
controlling  the  concentration  using  a  feed  back  loon. 
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II.  PROCESS  PARAMETERS  AND  WAVABOHIOK  CHARACTERISTICS 


For  1-0  applications  it  is  desirable  to  fabricate  wavequides  with  low  propagation  loss 
and  desired  refractive  index  profile.  The  propagation  losses  are  dominated  by  absorption 
primarily  due  to  presence  of  foreign  impurities  in  the  substrate  glass  and  the  scattering 
contributions  caused  by  the  glass  inhomogeneity  and  surface  or  qeometric  imperfections.  By 
careful  choice  of  the  host  glass,  absorption  losses  as  low  as  b.07  dn/cm  have  been 
obtained.  ”  Scattering  losses,  on  the  other  hand,  are  generally  introduced  in  the 

processing  steps.  bonants  introduce  additional  Rayleiqh  scattering  to  the  background  losses 
caused  by  the  multicomponent  nature  of  the  glass.  Reduction  of  the  incominq  ions  to 

matallic  silver  in  the  glass  matrix  can  give  rise  to  additional  losses.  Surface  irregu¬ 
larities  invariably  interact  with  the  propagatinq  field  and  contribute  to  losses  bv 

scattering.  This  can  be  minimized  bv  burving  the  waveguide  under  the  qlass  surface  by 
carryinq  out  a  two-step  icn-e xchanqe  process.  In  channel  wavequides,  the  imperfect  wall 
boundaries  caused  during  the  photolithography  mav  introduce  additional  loss.  This  loss 

contribution  is  less  serious,  however,  since  the  diffusion  process  smooths  out  such 
irregularities.  pinally,  in  devices,  the  wavequides  invariably  ao  throuah  bends,  bi¬ 
furcations  or  tapered  transitions.  These  transitions  have  to  be  desiqned  carefully  to  limit 
the  radiation  losses. 

The  refractive  i.Idex  profile  on  the  other  hand,  depends  on  various  parameters  in  an 
Intricate  manner.  The  composition  of  the  host  glass,  the  nature  of  the  incominq  ion  and  its 
concentrationn  in  the  melt,  the  diffusion  temperature,  time  and  the  magnitude  of  the 
externally  applied  field,  all  affect  the  index  profile. 

The  modelling  of  the  diffusion  profile  in  glasses  requires  a  knowledge  of  the  boundary 
and  initial  conditions  and  solution  of  the  diffusion  equation  which  involves  parameters 
such  as  surface  concentration,  diffusion  coefficient  fi  and  mobility  u  of  the  incoming  ion 
and  their  temperature  dependence.  These  parameters  are  determined  bv  First  fabricating  a 
planar  waveguide  and  measuring  the  absolute  concentration  profile.  The  diffusion  width  Wo 
is  related  to  the  diffusion  coefficient  0  via  Wo  =  2/fit  where  t  is  the  diffusion  time._  The 
surface-index  chanqe  An  is  linearly  proportional  to  the  surface-silver  concentration  in 
the  glass  and  can  he  either  derived  from  empirical  formulas  given  by  Huggins1  or  measured 
optically.  The  mobility  u  is  obtained  by  fabricating  a  planar  waveguide  in  presence  of  an 
applied  field  E  and  fittinq  the  resulting  concentration  (index)  profile  to  an  analytical 
solution  of  the  diffusion  equation  using  previously  determined  values  of  0  and  An.  u  is 
kept  as  the  fitting  parameter  as  it  cannot  he  determined  from  D  since  the  Einstein's 
relation  does  not  hold  in  glasses.  1  Once  these  parameters  have  been  determined,  two- 
dimensional  diffusion  equation  can  be  numerically  solved  to  predict  the  channel  wavequide 
diffusion  profile  for  a  given  set  of  processing  conditions.  The  propagation  characteristics 
of  the  resulting  waveguides  can  be  calculated  by  solvinq  the  two-dimensional  Helmholtz 
equation  usinq  one  of  the  several  numerical  methods  developed  for  arbitrary  index 
profiles.  2-24  A  comparison  of  the  theoretically  predicted  properties  with  the 

characterization  results  provides  the  necessary  correlation  to  optimize  the  processinq  for 
specific  waveguide  properties. 


III.  FABRICATION 

The  schematics  of  the  Aq+-Na+  ion-exchanqe  technique  from  molten  salts  is  shown  in  Fig. 
2.  The  melt  is  held  in  a  crucible  or  beaker  which  is  kept  at  a  constant  temperature  by 
enclosing  it  in  a  furnace.  The  melt  consists  of  the  appropriate  salt  as  the  source  for  the 
diffusing  ions.  The  desirable  characteristics  which  influence  the  choice  of  the  salt  for  a 
qiven  ion  are  its  meltinq  point  and  the  dissociation  temperature.  nitrate  salts  have  been 
used  extensively  as  they  have  some  of  the  lowest  melting  temperatures  and  exhibit  reasonable 
stability.  The  diffusion  temperature  is  adjusted  to  control  the  rate  of  diffusion.  In  some 
cases,  melting  temperatures  can  be  lowered  by  using  a  mixture  of  two  nitrate  salts.  For 
example,  pure  KNOg  melts  at  334’C  and  pure  NaNO-,  at  307°C;  however,  a  mixture  of  in  wt  % 
KNOj  and  BOwt%  NaNO-j  melts  at  2H0”C.  In  the  schematics  of  Pig.  7,  silver  ions  are  released 
electrolytically1^  and  their  concentration  measured  during  diffusion. 

For  planar  waveguide  fabrication,  polished  qlass  substrates  are  immersed  in  the  molten 
bath  by  usinq  an  aluminum  sample  holder.  strip  waveguides  are  prepared  hv  first  carrying 
out  photolithography  to  create  masked  regions  of  aluminum  or  some  other  material  such  as 
AlgOj,  Si02.  etc.  First  a  1100-2000  A“  layer  of  aluminum  is  evaporated  on  the  glass 
surface.  A  photoresist  layer  -lym  thick  is  then  spun  over  the  A1  layer.  The  qlass  is  then 
baked  at  RO*C  for  about  71  min.  and  then  the  photoresist  layer  is  exposed  to  ultra-violet 
radiation  under  the  appropriate  mask.  Following  this,  the  exposed  photoresist  regions  are 
developed  and  the  underlying  aluminum  layer  is  removed  by  aluminum  etch.  These  glass 
samples  are  then  immersed  lo  brina  the  masked  surface  in  contact  with  the  molten  salt, 
permitting  ion-exchange  in  the  open  reqions  (channels). 

In  order  to  apply  the  electric  field  during  the  ion  exchange  process,  two  approaches 
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have  been  implemented .  In  one  case,  the  negative  electrode  consists  of  a  platinum  wire 
pressinq  against  a  qold  film  evaporated  on  a  thin  chromium  film  on  the  back  surface  of  the 
glass  sample.  ®  Chromium  is  helpful  in  making  a  qood  contact  with  the  qold  film.  An 
alternative  to  the  qold  film  is  to  use  a  molten  salt  mixture.  This  eliminates  the  step  of 
evaporatinq  qold  and  therefore,  is  the  less  expensive  method.  The  melt  has  to  he  kept 
bubble-free  to  assure  uniform  field  across  the  substrate.  Tn  either  case,  the  anode 
consists  of  a  platinum  wire  immersed  in  the  molten  salt  as  shown  in  fiq.  ? .  The  resistivity 
of  the  melt  depends  on  its  composition  and  temperature  and  there  is  a  potential  drop  across 
the  melt  which  may  be  of  the  order  of  10^  of  thj^  total  applied  voltage  for  1mm  thick  soda- 
lime  glass  substrates  with  4-r>  era"  cathode  area. 

IV.  CHARACTERIZATION 

The  important  characterizations  of  passive  wavequides  include  measurement  of  Index 
(dopant)  profile,  propaqation  constants  of  the  quided  modes,  attenuation  and  mode  field 
pattern . 

There  are  two  different  approaches  for  measurement  of  the  refractive  index  profile  in  a 
glass  wavequide  fabricated  by  ion-exchanqe  process.  One  of  these  involves  measuring  the 
dopant  profile  using  analytical  tools  such  as  electron  or  ion  microprobe,  analysis  of  back- 
scattered  electrons  in  a  scanning  electron  microscope,  "  or  atomic  absorption 
spectrophotometry.1'6  The  other  alternative  is  to  carry  out  optical  measurements  of 
parameters  such  as  surface  reflectivity  or  mode  indices  of  the  quided  modes.  The  latter 
data  are  then  used  to  derive  the  index  profile  bv  using  inverse  WKR  approximation^  which 
works  well  onlv  for  hiqhly  multimode  wavequides  with  qraded-index  profiles. 

Concentration  Profile 

Electron  microprobe  has  been  used  to  measure  the  profile  of  the  diffusing  i  on .  “  In 
this  technique,  the  high-energy  electrons  are  collected  and  analyzed  tor  the  concentration 
of  the  ion  of  interest.  The  results  have  to  be  analyzed  carefully  as  tbe  presence  of  other 
ions  e.q.  Ca++,  Al++'+,  Mq++  etc.  in  the  qlass  may  qive  rise  to  spurious  effects.3  Electron 
microprobe  is  universal  in  the  sense  that  any  ion  can  be  analyzed.  However,  sensitivity 
depends  stronqlv  on  the  ion  with  the  result,  the  data  can  be  verv  noisy  to  draw  useful  or 
definite  conclusion,  particularly  if  the  concentration  of  the  ion  is  extremelv  low,  such  as 
the  case  of  Aq+-Na+  exchanged  single  mode  waveguides.36  Spatial  resolution  of  the  order  of 
2  um  is  typically  achieved,  makinq  the  technique  suitable  for  multimode  wavequides  only. 

Scanninq  electron  microscope  can  be  used  for  determination  of  the  profile  in  two 
ways.  One  either  analyzes  the  x-rays  (enerav  dispersive  spectrometry,  Eng)  characteristic 
of  the  ion  in  question^6  or,  alternatively,  analyze  the  hack-scattered  electrons  originating 
from  the  ion. Both  have  been  successfully  used  to  measure  Ag+  concentration  in  multimode 
soda-lime  glass  wavequides.  Tbe  resolution  is  of  the  order  of  1  um  and  since  the  scattering 
efficiency  is  hiqher  for  ions  oF  larqer  atomic  numbers,  onlv  heavier  ions  such  as  Cs  +  ,  Rb  + 
and  Ag+  may  be  amenable  for  this  analysis.  Hiqh  mobility  of  ions  such  as  sodium  under  the 
beam  precludes  their  measurement  usinq  this  method. 

Atomic  absorption  spectrophotometry  is  an  analytical  tool  for  concentration  measurement 
of  any  element.  Here  a  thin  layer  of  the  sample  surface  is  etched  usinq  HE  acid  solution 
and  the  solution  is  analyzed  for  the  ionic  concentration.  Subsequent  etchinq  is  performed 
and  the  analysis  repeatedly  carried  out  until  the  concentration  profile  is  determined.36 
Depending  on  the  diffusion  depth,  and  the  spatial  resolution  desired,  the  number  of  steps 
may  be  anywhere  between  10  and  20.  The  technique  is  destructive  but  is  capable  of  qiving 
absolute  concentrations  without  a  qreat  deal  of  effort. 

Refractive-Index  Profile 

Althouqh  for  low  concentration  of  the  diffusing  ions  qenerallv  encountered  in  ion- 
exchange  problems,  the  concentration  profile  gives  the  refractive  index  profile,  there  are 
cases  where  this  is  not  true.  In  fact,  it  has  been  shown  recently  that  Hudgins  relation,36 
widely  used  for  predictinq  the  index  change  upon  substitution  of  the  host  ion  by  tbe 
diffusing  ion,  does  not  hold  in  certain  ease.^  such  as  when  Aq+-Na+  exchange  occurs  from  pure 
Aq  NO3  melt  in  hiah-content  sodium  glasses.  Thus,  it  is  of  qreat  impo- tance  to  know  the 
index  profile  directly. 

There  are  several  techniques  for  measurement  of  the  index  profile  in  waveguides.  These 
include  interferometry,  reflectivity  measurement  and  the  inverse  WKR  method  which  relies  on 
the  mode  indices  data. 

Interferometry  is  by  far  the  most  accurate  and  direct  technique.  Here,  monochromatic 
light  beam  is  split  into  two  arms  of  a  Mach-7.hender  interferometer.  One  beam  passes  throuah 
a  thin  (~30»m)  polished  sample  and  the  other  through  a  reference  object.  The  two  beams  are 
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combined  at  a  detector  and  the  resulting  interference  pattern  is  recorded .  The  frlnqe  data 
is  converted  back  into  index  information  and  two-dimensional  profile  can  be  obtained.  The 
difficulty  lies  in  the  sample-Dreparat ion  which  is  time  consuminq  and  laborious.  Moreover, 
it  is  a  destructive  method.  Commercial  interference  microscooes  are  not  readily  available 
and  consequently  one  has  to  build  his  own  equipment. 

The  two-dimensional  index  profile  can  also  be  determined  by  measur inq^ef lectivity  from 
polished  faces  with  the  aid  of  an  ontical  multi-channel  detection  system.  The  surface  of 
the  sample  is  first  beveled  to  a  small  anqle  (few  deqrees)  and  then  illuminated  at  normal 
incidence  in  an  optical  microscope.  The  two-dimensional  reflectivity  is  measured  by  a 
vidicon  tube  attached  to  the  microscope.  The  index  distribution  is  calculated  from 
Fresnel's  formula.  Hiqh  spatial  resolution  can  be  easily  achieved  because  of  the 
bevelinq.  The  system  can  be  calibrated  by  measurinq  the  reflectivity  of  a  known  sample.  It 
is  necessary  that  the  vidicon  response  be  linear  for  the  intensity  levels  involved.  The 
system  should  be  capable  of  accountinq  for  the  stray  liqht.  Requirment  of  absolute 
measurements  of  power  levels  make  this  technique  subject  to  error.  However,  the  resolution 
of  index  chanqe  measured  is  limited  to  10”^,  makinq  this  method  suitable  only  for  multimode 
guides . 

Althouqh  both  the  methods  described  above  yield  the  index  distribution  in  two 
dimensions,  they  require  absolute  measurements  of  illumination.  Another  method  which  yields 
the  index  profile  of  the  wavequide  relies  on  the  measurement  of  mode  indices.  This  can  be 
easily  accomplished  by  the  prism  coupler  technique  with  accuracies  aporoachinq  1x10“  .  From 
the  mode-index  data,  the  index  profile  is  derived  usinq  the  inverse  WKR  method.  While  this 
method  qives  reasonably  qood  results  in  the  case  of  frpc  and  exponential  profiles,  there  are 
serious  problems  in  determininq  the  refractive  index  near  the  qlass  surface'  as  well  as  at 
the  profile  tails  (where  it  approaches  the  substrate  value  and  mode  index  values  are 
inaccurate).  Thus,  care  should  be  taken  when  the  index  profile  is  flat  (as  In  the  case  of 
Gaussian  or  step-like  profiles)  or  if  there  are  steo-like  transitions  such  as  the  case  of 
electric-field  induced  ion-exchanoe  or  the  bs+-Na't‘  ion-exchanqe  (where  the  double  alkali 
effect  qives  sharp,  step-like  profile^).  Moreover,  the  WKn  approximation  in  known  to  be 
erroneous  near  the  mode  cutoffs.  °  The  method  mav  thus  oive  reliable  results  for 
determininq  diffusion  depths  but  the  value  of  surface-index  chanae  Is  always  subject  to 
error.  In  case  of  surface  wavequides  (such  that  prism  couplinq  can  be  employed  for 
measurement  of  mode  indices)  with  larqe  number  of  guided  modes,  WKR  method  has  been  used 
extensively  for  characterization  of  wavequides.  ,1?  tn  the  Aq  +  -’Ta  +  exchanqed  sinqle- 
mode  guides^  the  index  profile  is  FPFC  when  low  concentration  of  silver  in  the 
melt  (^a~10  )  is  used .  WQ  and  an  are  determined  by  fittinq  the  measured  mode  indices  to 
those  calculated  by  solving  the  Helmholtz  equation  and  treatinq  WQ  and  an  as  adjustible 
parameters. 

Attenuation  and  Mode  Field  Profile 

The  techniques  for  measurement  of  attenuation  and  mode  field  profile  in  ion-e xchanqed 
wavequides  are  similar  to  those  used  in  integrated  optics  with  Ti : LiMpo^  wavequides.  For 
planar  guides,  attenuation  can  be  measured  by  the  three-prism  method.'10  This  method 
measures  total  attenuation,  i.e.,  contribution  from  scattering  as  well  as  absorption. 
Alternatively,  scattering  contribution  to  attenuation  can  be  measured  independently  by 
probing  a  fiber  tip  along  the  waveguide  and  capturing  the  scattered  signal.  The  variation 
of  this  siqnal  as  a  function  of  propagation  distance  along  the  wavequide  is  plotted  to 
determine  the  scattering  loss.  If  the  attenuation  is  below  n.i  dn/cm,  neither  the  three- 
prism  nor  the  fiber  probe  method  is  adequate  and  one  resorts  to  resonant  structures  such  as 
Fabry-Rerot  ring  resonator.  *■  Tn  this  case  liqht  is  coupled  into  a  rinq  wavequide  from  a 
straight  wavequide  by  distributed  directional  coupling  mechanism  and  the  output  from  the 
ring  is  extracted  in  a  similar  fashion.  By  measurinq  the  transmission  of  the  Fahry-Rarot  as 
a  function  oF  temperature,  both  the  finesse  and  the  contrast  can  be  determined  and  from 
these  parameters  the  loss  per  unit  pass  can  be  extracted.-1  Another  method  of  estimating 
propagation  losses  in  single-mode  channel  waveguides  is  described  in  the  following  section. 


Mode  field 
characterization, 
curvature- induced 
schematically  in 


profile  measurement.  is  of  paramount 
Fiber-waveauide  couplinq,  performance  of 
losses,  all  depend  on  the  mode  field. 

Fiq.  3  is  the  most  convenient,  and  direct 
pattern.  In  fact,  beside  the  wavequide  mode  field,  the 

determination  of  various  other  parameters  with  very  little  additional  effort.  These  are: 
the  fiber  mode  field,  the  fiber-waveguide  coupling  loss  and  the  propagation  loss  in  the 


importance  in  wavequide 
the  directional  coupler, 
Meat  field  method  shown 
wav  to  measure  the  field 
method  shown  here  allows 


waveguide.  The  measurement  procedure  is  as  follows: 
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Light  from  either  a  He-Ne  laser  or  a  1.3  um  semiconductor  laser  is  coupled  into  a  short 
piece  of  a  sinqle-mode  fiber.  The  fiber  is  either  birefringent  type  so  that  it  maintains 
the  linear  polarization  or  in  the  case  of  conventional  fiber,  the  fiber  is  kept  ae  steady  as 
possible  to  prevent  polarization  Fluctuations  and  linear  output  polarization  is  achieved  by 
adjusting  the  compensator  at  the  input  end.  Linear  polarization  allows  excitation  o*  either 


TE  or  TM  like  modes  in  the  guide.  The  wavequide  output  is  collected  by  a  hiqh-quality 
planar  objective  by  imaging  the  waveguide  end  on  a  phodetector/ampl i tier  with  a  pinhole 
mounted  at  its  front  end.  The  two-dimensional  nearfield  intensity  pattern  is  measured  by 


scanning  the  detector  horizonally  and  vertically  and  recording  the  siqnal  from  the  lock-in 
amplifier  on  a  chart  recorder  or  storing  it  in  a  computer.  The  Fahrv-Perot  effect  caused  by 


the  Fresnel  reflections  at  the  fiher-waveguide  gap  is  taken  care  of 
for  maximum  transmission.^  Fiber-near  field  can  also  be  measured 


by  adjusting  the  spacinq 
using  the  same  procedure 


after  removing  the  waveguide.  The  magnification  of  the  system  is  determined  by  imaqinq  a 
known  mask  pattern  at  the  detector  face  and  scanning  the  detector. 


In  order  to  determine  the  fiber-waveguide  throughput  efficiency,  the  output  from  the 
fiber  is  first  measured.  Then  the  wavequide  is  adjusted  for  maximum  transmission  and  the 
output  once  again  measured.  Accuracies  of  the  order  of  O.OldR  can  be  achieved  using  this 
procedure .  i J 


In  order  to  derive  the  propagation  losses  from  the  measurement  of  fiber-waveguide 
throuqhtput  loss  and  the  fiber  and  waveguide  mode  profiles,  the  following  procedure  can  be 
used.  The  total  throughput  loss  is  made  of  three  components:  11  Fresnel  loss  due  to 

reflections  of  the  optical  field  at  the  waveguide  input  and  output  interfaces,  2)  the 

propagation  loss,  and  3)  mode  mismatch  loss  due  to  different  field  distributions  of  the 
single-mode  fiber  and  channel  wavequide.  since  the  refractive  indices  of  the  fiber  and 
glass  substrate  are  very  nearly  equal  (1.46  and  1.51  respectively),  the  Fresnel  loss  is 
small  and  can  be  made  negligible  if  the  fiber-waveguide  spacing  is  adjusted  for  maximum 

transmission.  The  mode  mismatch  loss  is  calculated  by  evaluating  the  normalized  overlap 

integra  1 


[  /  “  Ff  (x,y)  ( x,  y )  dxdy]? 

[  L  Z  L  Z  E f  (x<v)  r1x,1v,l  [L  Z  L  Z  Kq?  (x-y>  rtxdy] 

where  E^  (x,y)  and  E  (x,y)  are  the  mode  field  profiles  of  the  fiber  and  wavequide 
respectively.  The  mode-mismatch  loss  is  qiven  bv  -10  logln  n.  If  it  is  assumed  that  the 
two  mode  profiles  are  Gaussian  along  both  the  x  and  y  axes,  then 


where  wx  and  Wy  are  the  l/e  intensity  full  width  and  depth  of  the  wavequide  mode  and  d  is 
the  l/e  intensity  diameter  of  the  fiber  mode.  Although  the  Gaussian  mode  approximation  may 
be  reasonable  for  well-guided  modes  in  buried  channel  wavequides  where  the  field 
distribution  tends  to  be  symmetric,  surface  waveguides  with  not-so-well  quided  modes  deviate 
from  the  Gaussian  case  and  a  numerical  evaluation  of  integral  (l)  i3  necessary  to  determine 
the  mode  mismatch  loss  accurately. 

Once  the  mode  mismatch  losses  have  been  determined,  the  propagation  loss  in  the 
waveguide  is  obtained  by  subtracting  is  from  the  overall  f iber-wavequide  throuqhtput  loss. 

V.  OPTIMIZATION 

Table  I  lists  composition  of  a  commercial  soda-lime  glass  which  has  been  used  for 
fabrication  of  ion-e xchanqed  waveguides.  Fabricating  planar  guide  in  dilute  concentration 
of  AqMOj  in  NaN03  melt,  diffusion  constant,  an  and  y  were  measured  at  330°C.  '  ' 1  Using 
these  data,  surface  channel  wavequides  were  fabriacated  at  33H'c  with  mask  width  Wc  ranging 
from  2  urn  to  10um,  and  characterized  for  their  index  profile, cutoff  wavelengths,^11  and 
modefield  profiles. ^  Comparison  of  the  sur f ace-inde x  change  An  and  diffusion  depth  W0  with 
the  corresponding  planar  waveguides  indicated  that  although  both  An  and  wo  for  channel 

wavequides  are  smaller  than  the  corresponding  values  for  planar  guides,  their  values 
incre^e  with  increasing  Wc  and  approach  the  planar  values  For  Wc  approaching 

6  ym.  Moreover,  there  was  substantial  side  diffusion  of  silver  under  the  metallic  masks 
(Fiq.  4)  which  gave  rise  to  highly  elliptical  mode  field  distribution.^7  Single-mode 
surface  quides  were  obtained  with  diffusion  times  of  1  hour  for  3  <W  <  7pm.  No  external 
electric  field  is  necessary  in  the  first  step. 

A  minimum  f iber-wavequide  throughput  loss  of  l.6dR  was  obtained  for  channels  17  mm  long 
with  Wc  in  the  range  of  5-6  um.  However,  when  these  wavequides  were  buried  by  apolving  an 
external  field  in  the  second  step,  the  resulting  field  distributions  were  quite 
circular. Roth  scattering  and  mode  mismatch  losses  were  reduced  and  a  total  fiber- 
waveguide  throughput  loss  of  1  dR  was  achieved  for  the  same  channels.  This  relative 
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insensitivity  of  the  mode  field  distribution  to  the  mask  width  is  desirable  for  satisfactory 
reproducibility.  The  results  show  thqt  the  two-step  ion-exchanqe  process  is  essential  to 
get  low  loss  symmetrical  wavequides.^  While  index  profile  of  the  buried  quide  can  be 
controlled  by  adequate  choice  of  n,  M^a,  diffusion  times  and  the  applied  field,  the  position 
of  the  index  peak  depends  only  on  the  product  of  the  applied  field  and  second-step  diffusion 
time.  It  appears  that  the  waveguides  can  be  buried  to  desired  depth  aryl  the  index  profile 
can  be  tailored  fairly  independently  bv  a  careful  choice  of  parameters. 

What  is  the  reproducibility  of  these  waveguides?  In  planar  waveguides,  the  index 
profile  and  the  propagation  constant  have  shown  excellent  reproducibility.  fven  when 
electric  field  is  applied,  the  propagation  constant  can  be  reproduced  to  better  that  2xl0~4 
accuracy.  In  the  case  of  channel  waveguides,  as  pointed  out  earlier,  the  field  profile  and 
attenuation  are  hiqhly  reproducible  as  they  are  relatively  insensitive  to  the  actual  index 
profile.  But  in  devices  such  as  directional  couplers,  it  is  not  only  the  overlap  between 
the  fields  of  the  adiacent  quides  which  should  be  reproducible,  but  also  their  individual 
propagation  constants  since  the  power  transfer  depends  on  the  phase  mismatch  between  the  two 
modes.  Experiments  are  in  progress  at  present  to  answer  these  questions  as  the  feasibility 
of  mass  production  of  passive  waveguide  components  depends  very  critically  on  these  issues. 

Acknowledgement:  This  work  was  supported  by  Bell  Communications  Research  and  Air  Force 
Office  of  Scientific  Research. 
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Buried  Na+-Ag+  Ion-Exchanged  Glass  Waveguides: 
Theory  and  Experiment 


H.  C.  Cheng,  R.  V.  Ramaswamy  and  R.  Srivastava 
Department  of  Electrical  Engineering 
University  of  Florida 
Gainesville,  FI.  32611 


Glass  waveguides  are  generally  fabricated  by  ion-exchange  process  by 
immersing  the  glass  substrate  in  a  molten  salt  mixture.  These  waveguides  have 
the  maximum  index  change  at  the  glass  surface,  and  their  index  profile  depends 
upon  the  diffusion  time,  the  melt  temperature,  the  compositions  of  the  glass 
and  the  melt,  and  on  any  applied  electric  field.  The  surface  waveguides  can 
be  buried  by  immersing  them  in  pure  salt  bath  and  carrying  out  diffusion  in 
one  more  step  with  or  without  external  field.  Burying  the  waveguide  under  the 
glass  surface  reduces  the  scattering  losses  arising  from  the  surface  irregu¬ 
larities.  The  buried  profile  can  be  tailored  to  give  desired  waveguide 

characteristics  by  changing  the  process  parameters.  Both  planar  and  channel 
Na  -Ag  ion-exchanged  buried  waveguides  have  been  reported  [1-3].  Since  the 
silver  melt  concentration  used  in  these  studies  was  relatively  large 
(N  >0.1  mole  fraction),  the  resultant  surface  index  change  was  also  large 
(An  ~  0.1),  giving  rise  to  either  multimode  waveguides  or  very  shallow 
single-mode  guides,  incompatible  with  single-mode  fibers.  Moreover,  the 
interdiffusion  coefficient  under  these  conditions  is  concentration  dependent, 
a  fact  that  makes  the  solution  of  the  diffusion  equation  more  cumbersome. 

To  circumvent  these  problems,  we  have  fabricated  quasi-single-mode  buried 
waveguides  with  very  low  melt  concentrations  (N^,,  ~  ID-*'*  -  10~^  MF)  and 
measured  the  silver  concentration  profile  in  the  glass  by  analyzing  the  back- 
scattered  electrons  in  a  scanning  electron  microscope  [A],  Under  these  con¬ 
ditions  the  diffusion  is  characterized  by  the  self-diffusion  coefficient  of 
silver  in  glass.  The  one-dimensional  diffusion  equation  has  been  solved  using 
a  very  simple  multiple  integration  technique.  For  the  first  time  the  result¬ 
ing  profiles  have  been  correlated  to  the  measured  ones  at  such  low-melt 
concentrations  by  varying  processing  paramenters  in  a  two-step  ion-exchange 
process  in  the  presence  of  an  external  field. 


We  solve  the  one-dimensional  diffusion  equation 

2, 


3 C  n  3  C  „  3C 
_=  D  uL_ 

3x 


(1) 


where  C 
mobi 1 ity 


is  the  concentration,  D  the  self  -di  f  fusion  coefficient,  and  u  the 
of  the  diffusing  ion,  respectively,  in'  the  glass,  and  E  is  the 
applied  field.  D,  y  ,  and  E  are  assumed  to  be  position  independent  as  well  as 
independent  of  each  other.  This  is  in  contrast  to  the  previous  analyses  where 
D  and  u  were  assumed  to  be  related  via  the  Einstein's  relation.  Since  this 
relation  does  not  hold  for  glasses  [5],  this  assumption  is  likely  to  give 
erroneous  results.  Consider  an  arbitrary  initial  concentration  C(x,0)  =  C(1(x) 


in  the  glass  which  can  be  approximated  by 


C  (x)  =  ]  C(x.)4(x-x.) 
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For  a  linear  system,  the  solution  of  (1)  can  be  expressed  as  the  summation  of 
all  the  impulse  responses. 


C(x .  ) 

t 


c( x ,  t )  =  y  - _ 

i  /  4irDt 


(x-x . -pEt )*" 

expf - tot - 1 


For  the 


initial 

C(x, t) 


concent  rat  ion 
»  C„(x') 


=  r 

j 


o' 


/  4tt  Dt 


given  by  the  continuous  function  Cq(x), 
2 

r  (x-x’-uEt) 
exp!  -  ~  —r^Z -  • 


Since  during  diffusion  C^Cx1)  is  a  time  dependent  boundary  condition,  C(x,t^) 
is  evaluated  by  dividing  time  into  many  small  and  equal  steps  of  interval  At. 
Thus  t.  =  iAt  and 

l 


oo 

C(x,t^)  =  / 

—CD 


c0(x') 


/  4tt  Dt 


r  (x-x’-uEAt)‘ 
exp' -  - 


4DAt 


■]  (dx’)1 


(2) 


i  integrals 

We  have  checked  the  accuracy  of  (2)  for  two  cases  where  the  solutions  of  (1) 
are  obtained  in  analytical  form:  the  single-step  process  with  and  without 
applied  field.  In  both  cases  the  agreement  was  excellent. 


The  one-step  concentration  profile  is  next  used  as  the  initial  condition 
for  the  second  step.  It  is  assumed  that  there  are  no  silver  ions  in  the  melt 
and  the  electric  field  is  sufficiently  large  to  block  the  diffusion  of  Ag+ 
ions  back  into  the  melt.  The  resulting  index  profile  for  the  case  of  no 
applied  field  in  the  first_step  for  u  >  -pE^t ,/ 2/Dt.,  can  be  written  as 
<*>  C  ( u  1  /  t  )  9  “  ~ 

C(u)  =  /  - — - exp  [ -(u-u  '  )  ~  ]  du'  .  (3) 

0  /  TT 


2/Dt., 


time  of  the  ith  step,  i  =  1,2 
F*2  =  applied  field  of  the  2nd  step 

and 

Cj(u'/t)  =  concentration  profile  of  the  1st  step. 

Eq.  (3)  was  used  to  calculate  index  profiles  and  the  resulting  field  profiles 
of  the  guided  modes  using  previously  determined  values  of  D  and  p  [4]  at 
the  _grocessi^ng  temperature  of  330°C  and  melt  silver  concentrations  of 
~  10  -  10  MF.  Under  these  conditions 


where 


x-pE2t9 

2/dTT 


t  =  t2/tj 


t^  =  diffusion 
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CjCu'/t)  =  erfc(r'i  u')  .  (4) 

Using  (4)  in  (3)  we  have  calculated  the  index  profile,  index  peak  position, 
the  waveguide  width  and  the  peak  index  change  in  buried  guides  as  a  function 
of  t2  and  E., ,  keeping  K,  =  0  and  t^  fixed.  The  dependence  of  the  waveguide 
width  is  shown  in  fig.  I.  It  varies  approximately  as  / t  ,  in  agreement  with 
the  experimental  results  [4], 

However,  the  calculated  dependence  on  E9  is  not  linear  and  shows  a 
smaller  change  with  field  E0  than  earlier  reported  results  [4],  This  dis¬ 
crepancy  is  being  investigated  and  the  results  will  be  discussed.  The  peak 
position  varies  linearly  with  t9  or  E9  as  expected,  whereas  the  peak  index  in 
the  second  step  drops  rapidly  to  10-15%  of  its  initial  ("first-step)  surface 
value  within  30  minutes;  thereafter  it  decreases  very  slowly.  The  results 
give  the  design  parameters  and  show  that  fiber-compatible  single-mode  buried 
waveguides  can  be  fabricated  from  melt  concentrations  of  the  order  of  lf_^MF. 
Propagation  characteristics  of  these  waveguides  will  also  be  presented. 

This  work  was  supported  in  part  by  Bell  Communication  Research  and  AFOSR 
contract  No.  84-0369. 
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Abstract 


We  report  optimization  of  the  processing  conditions  for  fabrication  of 
single-mode  Ag+-Na+  ion-exchanged  waveguides  in  a  soda-lime  glass.  The 
surface-index  change,  the  mobility  and  diffusion  coefficient  of  Ag  have  been 
measured  at  low  melt  concentrations  and  the  results  used  for  calculation  of 
index  profile  using  a  new  simple  numerical  method  for  solving  the  diffusion 
equation  in  a  two-step  process  where  the  index  profile  is  buried  by  applying 
an  electric  field  in  the  second  step.  The  calculated  profile  is  in  agreement 
with  that  measured.  This  correlation  allows  solution  of  the  Helmholtz 
equation  for  given  process  parameters.  Single-mode  waveguides  with  desired 
mode-field  distribution  have  been  designed  and  fabricated  with  optimized 
performance  and  fiber  compatibility  at  1.3  urn. 
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Process  Optimization  of  Buried  Ag+-Na+  Ion-Exchanged 
Waveguides:  Theory  and  Experiment 


R.  V.  Ramaswamy,  H.  C.  Cheng  and  R.  Srivastava 


Department  of  Electrical  Engineering 
University  of  Florida 
Gainesville,  Florida  32611 


I  Introduction 

Glass  waveguides  are  considered  to  be  prime  candidates  for  integrated 
optic  device  applications  such  as  star  couplers,  access  couplers,  wavefront 
sensors,  multiplexers,  demultiplexers,  and  in  sensors  such  as  gyroscopes.  The 
importance  of  the  glass  waveguide-based  1-0  components  is  borne  out  by  their 
compatibility  with  optical  fibers  and  potentially  low  cost.  In  addition,  they 
have  low  propagation  loss  and  can  be  fabricated  and  integrated  into  the  system 
with  relative  ease.  However,  unlike  its  electro-optic  and  semiconducting 
counterpart  substrate  materials  (e.g.,  LiNbOj,  GaAs ,  etc.),  glass  index  cannot 
be  tuned  by  application  of  an  external  electric  field,  and  therefore  glass 
devices  must  be  fabricated  with  assured  reproducibility  within  specified 
tolerances.  Fabrication  of  devices  such  as  multiplexers  calls  for 
reproducibility  in  the  propagation  constant  of  the  guided  mode  to  an  accuracy 
of  better  than  10”^.  In  order  to  fabricate  glass  waveguide  devices  of  such 
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reproducible  characteristics,  we  have  studied  the  Ag+~Na+  exchange  and 
diffusion  process  in  detail  to  understand  the  role  of  the  processing 
parameters  [ 1-4 ] . 

It  is  known  that  when  pure  AgNO^  melt  is  used  for  the  exchange  process, 

large  An(~0.1)  waveguides  are  obtained  which  have  some  disadvantages:  a  large 

silver  concentration  causes  coloring  due  to  silver  reduction;  secondly, 

single-mode  waveguides  are  shallow  and  therefore,  are  incompatible  with  single 

mode  optical  fibers.  Moreover,  the  time  of  diffusion  involved  is  rather 

short,  thereby  causing  uncertainty  and  lack,  of  reproducibility  in  the 

waveguide  characteristics.  Dilute  solutions  of  AgNO-^  and  NaNO^  allow 

achievement  of  lower  An  and  more  controllable  diffusion  times  [1-6].  However, 

in  Ag+-Na+  ion-exchanged  waveguides,  the  surface-index  change  and  the  index 

profile  depend  strongly  upon  the  melt  silver  concentration  [2,5,6].  In  fact, 

very  low  silver  concentration  in  the  melt  [  N  ~  10"^  mole  fractions]  is 

Ag 

required  to  obtain  single-mode  waveguides.  As  the  index  change  is  expected  to 
be  a  linear  function  of  the  concentration  of  silver  ions  in  the  glass,  it  is 
necessary  t.'  understand  how  the  stiver  ion  intake  by  the  glass  in  affected  by 
the  process  parameters  In  the  ion-exchange  technique,  vie;  melt  composition, 
diffusion  time,  temperature,  and  melt  stirring.  To  answer  some  of  these 
questions,  an  ion-exchange  equilibrium  study  [3,4]  was  recently  reported  for 
accurate  determination  of  the  boundary  conditions  for  the  solution  of  the 
diffusion  equation  to  calculate  the  index  profile  and  correlate  it  with  the 
measured  profile. 

In  this  work,  using  the  boundary  conditions  determined  from  the  earlier 
equilibrium  study  [3,4]  we  have  calculated  the  index  profile  by  solving  the 
diffusion  equation  numerically  using  a  simple  impulse  response  technique.  The 
numerical  method  allows  prediction  of  the  profile  for  sia&le-step  as  well  as 
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two-step  process  used  for  buried  waveguides  and  can  be  used  even  when  an 
external  electric  field  is  applied  during  the  ion-exchange  process.  The 
theoretically  predicted  index  profiles  are  in  agreement  with  the  results 
obtained  experimentally.  A  correlation  between  the  theory  and  experiment 
allows  determination  of  relevant  parameters  such  as  the  index  profile,  the 
electric  mobility  of  silver  ions  in  glass,  and  the  interdiffusion  coefficient 
for  the  given  melt  composition  and  other  process  parameters.  The  measured 
parameters  were  then  used  to  optimize  the  two-step  process  to  obtain  planar 
waveguides  with  desired  mode-field  distribution  at  a  given  operating 
wavelength.  It  is  expected  that  the  results  of  this  work  will  help  in  design 
and  fabrication  of  channel  waveguides  with  desired  characteristics  and 
waveguide-based  1-0  devices  for  applications  cited  earlier. 

II  Theory 

A.  Diffusion  Equation 

The  diffusion  equation  for  the  diffusing  ion  A  (silver)  can  be  derived  in 
the  following  form  [7] 


3C.  + 

It-  ■  u*e-'5a  f 


a  C, 


1  -  a  C, 


dav  ca 


(1) 


*4 

where  a  =  1-  — —  ;  (2) 

B 

is  the  mobility  of  ion  i,  £  is  the  applied  field,  CA  is  the  absolute 
concentration  of  ion  A  in  glass, 
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and 


n 


(3) 


3  In  a 

A 

3  In  C, 

A 

where  a  Is  the  thermodynamic  activity  of  the  ion  A. 
A 


Eq.  (1)  can  be  solved  to  obtain  the  concentration  profile  provided  the  initial 
condition  and  the  boundary  conditions  are  known.  One  of  the  boundary 
conditions  involves  knowledge  of  the  concentration  of  cation  A  at  the  glass 
surface  which  is  a  function  of  the  melt  concentration.  Determination  of  this 
boundary  condition  was  accomplished  by  ion-exchange  equilibrium  studies 
reported  earlier  [3,4], 

B .  Solution  of  the  Diffusion  Equation 
a)  Diffusion  without  external  field 

Eq.  (1)  can  be  further  simplified  if  there  is  no  external  field  present 
and  V  •  E  is  set  equal  to  zero  i.e.,  there  is  no  space  charge  present.  In 
this  case  it  can  be  shown  [8]  that  the  two-dimensional  diffusion  equation 
becomes 
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b) .  Diffusion  With  External  Electric  Field 

The  diffusion  of  Incoming  Ion  can  be  enhanced  by  applying  an  electric 
field  across  the  substrate.  In  this  case,  one  has  to  solve  the  equation  (1) 
which  is  a  difficult  task  at  best  in  the  two-dimensional  case.  However,  in 
the  case  of  one-dimensional  (planar)  waveguides,  approximate  solutions  can  be 
obtained  under  certain  conditions.  For  example,  in  the  case  of  low 
concentrations  (N  «  D ,  space-charge  effects  can  be  neglected  and  for  planar 
waveguides  Eq.  (1)  reduces  to 


(10) 
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and  N  (x,t)  Is  calculated  by  a  Laplace-transform  techniques  [10] 

A 

N  =  —  N  {erfc  (x  -  r)  +  exp  (4rx  )  erfc  (x  +  r)j  (11) 

A  2  o 

where  x'  =  x/W  =  x  /2/nD.t  is  the  normalized  effective  depth  of  diffusion 
o  A 

without  external  field  and  r  =  yEt/W  . 

o 

It  has  been  shown  [7]  that  the  influence  of  the  space  charge  leads  to  steeper 
diffusion  fronts  when  compared  to  the  solution  (11).  For  large  values  of  r, 
the  contribution  by  the  second  term  in  (11)  is  negligible  and  the  diffusion 
profile  can  be  approximated  as: 

N 

(x,  r)  =  (erfc  (x  -  r)},  r  >  2.5  (12) 

In  the  two-dimensional  case,  Eq .  (1)  has  been  solved  [7]  neglecting  the 
concentration  dependence  of  the  interdiffusion  coefficient  and  assuming  that 
the  diffusion  term  in  (1)  is  small.  While  such  analytical  solutions  are  valid 
for  very  large  applied  fields  such  as  involved  in  multimode  waveguides,  the 
case  of  single-mode  guides  does  not  fall  in  this  category.  In  such  situations 
equation  (1)  can  be  solved  only  by  numerical  methods  [8]. 
c) .  TUo-Step  Ion  Exchange  (Burled  Waveguides) 

Surface  waveguides  obtained  by  ion-exchange  are  characterized  by  higher 
loss  caused  by  surface  scattering.  Furthermore,  the  intensity  profile  of  the 
guided  mode  is  not  circularly  symmetric  and  compatible  with  optical  fiber. 
These  drawbacks  can  be  overcome  by  burying  the  waveguides  in  a  second  ion 
exchange  in  a  melt  free  of  the  cation  A.  An  external  field  may  be  applied 
during  this  step  to  control  the  buried  depth  and  the  index  profile.  Since  the 
initial  conditions  in  this  case  are  determined  by  the  first-step  diffusion 
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profile,  analytical  solutions  to  Eq.  (1)  cannot  be  obtained  and  one  has  to 
resort  to  numerical  techniques  once  again.  In  the  following,  we  describe  a 
simple  numerical  method  to  solve  (1)  in  the  case  of  planar  buried  waveguides, 
d) .  Modeling  of  the  Diffusion  (Index)  Profile  for  Burled  Waveguides 
To  solve  the  one  dimensional  diffusion  equation 


BC 

it 


(13) 


for  the  concentration  profile  C(x)  of  silver  In  glass  in  analytical  form,  a 
reasonable  assumption  about  the  concentration  dependence  of  the  interdiffusion 
coefficient  D  must  be  made.  Our  ion-exchange  equilibrium  results  [3,4] 
suggest  that  at  the  melt  concentrations  involved  in  our  work,  10-15%  of  the 

sodium  ions  are  replaced  by  silver  in  the  first-step  diffusion.  Besides,  the 
self  diffusion  coefficient  of  silver  is  a  factor  to  3-10  smaller  than  that  of 
sodium  in  these  glasses  [8,11].  Under  these  conditions,  Eq.  (6)  indicates 

that  the  interdiffusion  coefficient  is  only  weakly  dependent  on  the  silver 
concentration  (provided  the  self-diffusion  coefficients  themselves  do  not 
exhibit  any  drastic  changes  with  the  respective  Ionic  concentration).  If  it 
is  further  assumed  that  not  only  D,  but  the  mobility  u  and  the  electric  field 
E  all  are  concentration  (or  position)  independent,  the  analysis  is  greatly 
simplified . 

In  order  to  solve  (13),  consider  an  arbitrary  Initial 

concentration  G  (x,0)  =  Cq  (x)  in  the  glass.  We  -write 


C  (x)  =  I.  C  (x  )  5  (x-x.) 
o  ill  I 


(14) 
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For  linear  systems,  the  solution  of  (13)  can  be  expressed  as  the  summation  of 
all  the  impluse  responses, 


C  (x  )  (x-x  -pEt) 

C(x,t)  =  Z  -  exp  [ - -  ] 

/  4irDt 


(15) 


For  the  initial  concentration  given  by  the  continuous  function  C  (x)  , 

o 


=o  C  (x’) 

C  (x,t)  =  -  exp  [  - 

/  4:rDt 


(x-x‘ -PEt ) ‘ 
4Dt 


dx ' 


(16) 


Since  during  diffusion  C  (x‘)  is  a  time  dependent  boundary  condition, 
C(x,t^)  is  evaluated  by  dividing  time  into  many  small  and  equal  steps  of 
interval  At.  Thus  t  ^  =  iAt  and 


C(x,t  )  =  /  •••  / 

— oo  —  < 


V*  ^  r  (x-x'-pEAt)2  I  tJ  ,N 

-  exp  [ - rrtxr - J  (dx') 


^A^Dt 
i  integrals 


AD  At 


•)1  • 


(17) 


We  have  checked  the  accuracy  of  (17)  for  two  cases  where  the  solutions  of  (13) 
are  obtained  in  analytical  form:  the  single-step  process  with  and  without 

applied  field  [Eqs.  (8)  and  (11)  respectively].  In  this 

case,  Cq(x)  =  0  for  "  °°  <  x  <  0  except  at  the  glass-melt  Interface  (x=0)  where 
its  value  is  constant  at  all  times  and  is  determined  by  the  ion-exchange 
equilibrium  .  In  both  cases  the  agreement  between  the  results  obtained  by 
evaluating  (17)  and  those  given  in  the  corresponding  analytical  form  was 
excellent.  These  agreements  are  shown  in  Fig.  1. 

The  one-step  concentration  profile  is  next  used  as  the  initial  condition 
for  the  second  step.  It  is  assumed  that  there  are  no  silver  ions  in  the  melt 
and  the  electric  field  is  sufficiently  large  to  block  the  diffusion  of  Ag+ 
ions  back  into  the  melt.  The  resulting^  index  profile  -for  the  case  of  no 
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applied  field  in  the  first  step  in  the  case  where  u  >  -  pE2t2/2/  Dt2  can  be 
written  as 


»  Cj(u'/  T  ) 

C(u)  =  /  -  exp 

O  j - 

/  TT 


[  -(u-u')2  ]du'. 


(18) 


where 


u 


T 


x-uE2t2 


2  /Pt, 


t2/tl 


u' 


x' 

2  /Dt"^ 


and  (u'  /  r  )  =  concentration  profile  of  the  1st  step. 

Eq.  (18)  was  used  to  calculate  index  profiles  and  the  resulting  field 

profiles  of  the  guided  modes  using  determined  values  of  D  and  M  at  the 

processing  temperature  of  330°C  and  melt  silver  concentrations 
-4  -3 

of  "  10  -  10  MF.  Under  these  conditions,  the  initial  condition  for  the 

second  step  is  given  by 


C1  (u'  /  t  )  =  Cq  (0)  erfc  (/xu1  ) 


(19) 


where  Cq  (0)  denotes  the  surface  concentration  determined  by  the  ion-exchange 
equilibrium  at  the  melt-glass  interface.  It  is  proportional  to  present  in 
the  expressions  given  by  (8),  (11)  and  (12), 


HI.  EXPERIMENTAL  PROCEDURE 

The  ion  exchange  of  Ag+  with  Na+  in  soda-lime  silicate  glass  was  carried 
out  at  330°C  .  Schematics  of  the  procedure  .s  shown  in  Fig.  2  and  the 
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composition  and  density  of  the  soda-lime  glass  used  in  the  experiments  is 
given  in  Table  1. 

The  waveguides  were  analyzed  for  the  silver  diffusion  profiles  using  an 
atomic  absorption  spectrophotometer  (AAS),  an  electron  microprobe,  or  a 
scanning  electron  microscope  (SEM).  The  experimental  details  are  given  in 
[2,3]. 

Alternatively,  the  planar  waveguides  were  characterized  for  their  mode 
indices  by  using  a  prism  coupler.  In  the  case  of  waveguides  which  supported 
one  or  two  modes,  the  mode  index  data  were  correlated  with  the  theory  as 
follows:  The  one-dimensional  normalized  Helmholtz  equation  was  solved  for  the 
measured  profile  by  a  finite-difference  method  to  obtain  the  mode  indices  of 
the  TE  modes.  The  two  variable  parameters  were  An  and  =  2  /  D  t  which 

were  adjusted  to  give  the  best  fit  to  the  measured  mode  indices.  In  the  case 
of  waveguides  which  supported  many  modes  ( > 6 ) ,  the  inverse  WKB  method  [12]  was 
employed  to  give  the  index  profile  and  the  surface-index  change  (An). 


IV.  RESULTS  AND  DISCUSSION 

Fig.  3  shows  the  concentration  (index)  profiles  measured  by  the  various 
techniques  for  N^g  =  2x10  ^  demonstrating  an  excellent  agreement  in  the 

results.  The  data  can  be  best  fit  to  the  ERFC  profile  given  by  (8)  and  shown 
as  a  solid  curve  in  Fig.  3.  This  indicates  that  the  interdiffusion 
coefficient  is  indeed  concentration  independent  at  low  silver-melt 
concentrations.  Our  earlier  results  of  ion-exchange  equilibrium  study  [3,4] 
show  that  the  partitioning  of  silver  ions  between  the  melt  and  the  glass  is 

_  O 

highly  nonlinear  and,  for  higher  melt  concentrations  (NAg  ~  10  ),  almost  25% 
of  the  sodium  ions  in  the  glass  are  replaced  by  silver  tons.  At  this 
composition  the  term  in  the  derroralnatoiT  of  (6)  cannot  be  neglected 
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and  D  becomes  significantly  concentration  dependent.  This  was  evidenced  by  a 
change  in  the  measured  concentration  profile. 

The  large  dependence  of  the  silver  intake  by  the  glass  on  the  melt 
concentration  has  important  implications  in  batch  fabrication  of  single  mode 
fiber  compatible  waveguides  using  the  Ag+-Na+  ion-exchange  process.  Such 
guides  are  required  to  have  diffusion  depths  of  the  order  of  10  um  which 

_  O 

translates  into  peak  index  changes  of  the  order  of  An  =  3x10  .  Such  small 

changes  can  only  be  achieved  at  very  low  melt  concentrations  (NAg  ~  *0  **)  • 

-A 

Precise  control  of  the  melt  concentration  at  N  ~  10  is  required  to 
achieve  adequate  reproducibility  in  the  waveguide  characteristics.  This  can 
be  achieved,  for  example,  by  using  an  electrolytic  technique  [13]  for  release 
of  silver  ions  in  the  melt  and  insitu  galvanic  potential  measurement  to 
determine  NAg  and  thus  provide  a  feed  back  control  loop  [14]. 

Determination  of  D  and  u 

Besides  the  boundary  conditions  obtained  by  the  ion-exchange  equilibrium 
reported  earlier  [3,4],  complete  solutions  of  the  diffusion  equation  (13)  also 
requires  knowledge  of  the  interdiffusion  coefficient  D  and  the  mobility  u. 
This  was  achieved  as  follows: 

Single-  and  multimode  surface  waveguides  were  prepared  in  melt 

-4 

compositions  with  N  =  4x10  and  their  mode  indices  measured  by  prism 
coupler.  Based  on  the  diffusion  profile  data  of  Fig.  3  indicating  it  to  be 
erfc,  the  mode  index  data  for  the  two  lowest  order  modes  were  fitted 
theoretically  to  the  solution  of  the  Helmholtz  equation  obtained  by  a  finite 
difference  method  [15].  The  variable  parameters  were  An  and  D.  Whereas  this 
procedure  works  best  for  guides  with  two  modes,  it  is  cumbersome  and  time 
consuming  for  multimode  guides.  In  the  latter  case,  however,  inverse  WKB 
method  [12]  works  very  well  for  the  well-guided  modes  and  a-prlor  knowledge  of 
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the  Index  profile  is  not  necessa-y.  Curve  1  in  Fig.  4  shows  the  inverse  VKB 
points  and  the  best  fitted  erfc  profile  for  a  5-mode  waveguide  for  the  process 

parameters  listed.  The  values  of  An  as  well  as  D  obtained  by  linite- 

difference  method  and  Inverse  WKB  agree  within  5%  and  the  values  of  D  obtained 
by  the  above  fitting  procedure  _o  the  mode  indices  data  are  in  excellent 
agreement  with  those  obtained  by  SEM,  electron  microprobe,  and  AAS  methods 
[Fig.  3]. 

In  order  to  determine  the  ionic  moblity  y,  multimode  surface  waveguides 
were  prepared  by  applying  external  electric  field  and  the  data  fitted  to  Eqn. 
(11).  It  was  assumed  that  an  varies  linearly  with  the  dopant  concentration 
and  does  not  depend  on  the  applied  field  such  that  the  Draviously  determined 
values  of  An  for  a  given  concentration  (without  external  field)  could  be  used 
in  the  fit.  The  values  of  the  adjustal  le  parameters  D  and  y  were  thus 

obtained.  Curve  2  in  Fig.  4  shows  such  a  fit.  Two  observations  can  be  made 

regarding  the  results  of  the  fit  for  curve  2. 

(i)  The  fit  is  not  as  good  as  that  for  curve  1  (without  field).  This  nay 

primarily  be  due  to  the  index  profile  having  a  steep  slope  in  whica  case 
inverse  WKB  is  known  to  give  erroneous  results  near  the  sharp  tail 
[12].  Similar  results  were  encountered  when  SEM  data  [ 1  ]  was  used  for 
fitting  to  Eqn.  (11).  Another  reason  for  such  an  unsatisfactory  fit  may 
be  the  Inadequacy  of  expression  (11)  to  describe  the  index  profile  even 
for  such  low  melt  concentrations.  Space  charge  effects  alluded  to  in 
section  II  and  the  concentration  dependence  of  the  self-diffusion 
coefficients  may  all  be  responsible  for  this  deviation. 
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(11)  The  value  of  inter-diffusion  coefficient  determined  by  the  best  fit  is 

much  lower  than  that  obtained  without,  field  (curve  1).  This  is  reflected 

in  the  steepness  of  the  index  profile. 

Once  3 11  the  necessary  parameters  were  determined  from  single-step  ion- 
exchange,  Eqns.  (18)  and  (19),  were  used  for  predicting  the  index  profile, 
the  index  peak  position,  the  waveguide  width  and  the  peak  index  change  in 
buried  guides  as  a  function  of  diffusion  time  t2  and  electric  field  E2  used 
during  the  second-step.  In  all  cases,  (electric  field  in  the  first  step) 
was  kept  at  zero.  This  was  necessary  to  obtain  very  symmetrical  and  single¬ 
mode  index  profiles. 

Fig.  5  shows  the  evolution  of  the  index  profile  with  time  t2-  As  time 

evolves,  the  peak  index  decreases,  the  profile  width  Increases  and  the  peak 

index  position  moves  deeper  into  the  glass.  The  variation  of  the  peak  index 
change  is  plotted  in  Fig.  6,  as  a  function  of  t2  for  two  different  fields.  It 
is  seen  that  the  applied  field  has  virtually  no  effect  on  this  parameter. 

Fig.  7  shows  the  variation  of  the  index  profile  width  W  and  the  index 
peak  position  Xpeak  with  t2  for  various  values  of  £2-  It  is  observed  that 
W  ~  /  t^  ,  a  result  in  agreement  with  the  experimental  data  [2]  shown  by  the 
full  squares  in  the  curve  1.  This  square-root  dependence  of  1/e  index  width  W 
on  t2  is  a  direct  consequence  of  the  diffusion  model  Implicit  in  (15).  The 
index  peak  position  depends  linearly  on  time  as  well  as  on  the  field  E2.  This 
result  is  tantamount  tc  saying  that  as  time  evolves,  the  whole  profile  is 
translated  by  the  applied  field  and  the  net  translation  is  governed  by  the 
product  M  E2t2* 

Waveguide  Optimization 

Once  the  diffusion  profile  was  determined,  a  finite-difference  method 
[15]  was  used  to  solve  the  Helmholtz  equation  to  obtain  the  mode- index  and  the 
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mode  field  profile.  Thus,  using  N^a  and  tj  as  the  variable  parameters  in  the 
first  step  (E^  =  0)  and  t2>  ^2  as  c^e  ones  4n  the  second  step  (N^g  =  ,  the 

waveguide  parameters  were  calculated.  Since  the  mode  field  profile  of  a 
planar  guide  is  not  a  very  sensitive  function  of  the  index  profile,  the 
corresponding  process  parameters  are  not  uniquely  determined  for  a  given  mode 
profile.  Therefore,  it  may  be  possible  to  obtain  the  same  desired  waveguide 
performance  by  a  range  of  combination  of  these  parameters.  One  such  set  of 
parameters  selected  to  match  a  conventional  Corning  SM  fiber  with  mode  field 
diameter  of  9.8  urn,  is  given  in  Table  2.  The  planar  waveguide  thus  designed 
has  mode  field  diameter  Wg  (defined  at  points  in  the  field)  of  9.8  Mm  at  the 
wavelength  of  1.3um.  The  corresponding  normalized  propagation  constant  b 
is  ~  0.5  showing  that  the  guide  is  single-mode  and  the  mode  is  well  guided. 

V.  Conclusion: 

The  concentration  profile  of  silver  in  glass  waveguides  was  measured  by  atomic 
absorption  spectroscopy,  electron  microprobe,  and  analysis  of  bach-scattered 
electrons  in  SEM.  The  surface-index  change,  the  index  profile  and  the 
interdlffusion  coefficient  were  determined  from  measurement  of  mode  indices 
using  a  prism  coupler.  The  interdiffusion  coefficient  D  is  concentration 
independent  at  low  melt  concentrations  and  excellent  agreement  was  observed  in 
the  concentration  (index)  profiles  obtained  by  the  various  techniques.  The 
profile  data  of  surface  waveguides  were  fitted  to  appropriate  analytical 
expressions  for  the  solution  of  the  diffusion  equation  to  determine  the  ionic 
mobility  and  D  in  presence  of  an  external  field. 

The  surface  planar  waveguides  obtained  in  the  first-step  exchange  were 
buried  by  carrying  out  diffusion  in  the  second  step  with  an  applied  field 
without  any  silver  in  the  melt.  The  tesjjJLis _ obtained  by-  the  proposed  simple 
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numerical  solution  of  the  diffusion  equation  show  that  the  burled  depth 
Increases  linearly  with  the  applied  field  or  the  second-step  diffusion  time  t2 
and  the  index  profile  width  varies  as  ,  in  agreement  with  the 

experimental  results.  Using  these  relations,  the  optimum  process  parameters 
for  a  desired  waveguide  can  easily  be  determined.  It  is  expected  that  these 
results  will  be  helpful  in  designing  passive  single-mode  channel  waveguide 
based  devices  with  optimum  characteristics  for  1-0  applications. 
Acknowledgement:  This  work  was  supported  by  AFOSR  Contract  No.  84-0369  and  by 
a  grant  from  Bell  Communications  Research.  We  are  grateful  to  Prof.  D.  0. 
Shah  for  use  of  his  Perkin-Elmer  Atomic  Absorption  Spectrometer  in  our  AAS 
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Figure  Captions 


Fig.  1 

Fig.  2 
Fig.  3 

Fig.  4 


Fig.  5 
Fig.  6 
Fig.  7 


.  Comparison  of  index  profile  as  given  by  Eqn.  (17)  {  dotted  curve  }  and  by 
Eqn.(ll)  {  solid  curve  }  2 

T  =  30  min,  D  =  0.15ym2/min,  for  each  curve. 

For  curve  2,  u  =  5.0um  /Vmin,  E  =  45V/mm 

,  Schematics  of  the  experimental  and  theoretical  procedure. 

.  A  comparison  of  the  index  profile  results  using  various  techniques.  +AAS , 
x  SEM,  0  Inv .  WKB ,  *  Electron  microprobe,  — fitted  ERFC  to  the  measured 
mode  indices  using  finite  difference  method.  W0  =  2/^ 

.  Fitting  of  mode  indices  by  inverse  WKB  method,  x's  indicate  mode  indices  of 
surface  guides  without  external  field  and  O'^s  indicate  2data  with  external 
field.  Curve  1  is  fitted  erfc  profile  with  D  =20.15  um  /min  2and  t1  =>  120 
min.  Curve  2  represents  Eqn.  (11)  with  D=0.0Aum  /min,  u=5.0ym  /min  E^  =  A5 
V/min  and  ti  =  30  min.  Silver  melt  concentration  in  both  cases  is  NA  = 
AxlO-^. 

.  Evolution  of  index  profile  with  the  second-step  diffusion  time. 

,  Variation  of  peak  index  change  with  second-step  diffusion  time. 

'.  Variation  of  the  index  peak  position  xpeak  and  the  1/e  index  width  W  with 
the  second-step  parameters.  Curves  1  ,  2,  and  3  correspond  to  E2  =  10,  40, 
and  70  v/tr.m  respectively.  The  data  points  are  from  Ref.  [2], 


Table  1. 


Chemical  composition  of  Fisher  brand  glass  slide  (wt.  Z) . 


Oxide  Weight  % 


Si02 

72.25 

Na20 

14.31 

CaO 

6.40 

A1 20  2 

1.20 

k2° 

1.20 

MgO 

4.30 

Fe  oO  ^ 

0.03 

SO  3 

0.30 

Density 


2.A667  g/cn3 
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Table  2:  Optimization 


T  =  330  C 

A  =  1.3um 
o 


FIRST  STEP 


NAg  =  3xl0~4  Mole 
An  =  0.012 
Ex  =  0 
t^  =  15  Min. 


Fractions 


D  =  0.14  um  /Min. 


WAVEGUIDE  PARAMETERS 

W  =  6.6  urn 

xpeak  =  20  u,n 
An  *»  3.2xl0-3 

V  »  3.1 


SECOND  STEP 

E2  =  75  V/mm 
t2  =  50  Min. 

D  =  0.045  um2/Min. 
U  =  5  um2/V-Min. 


MODE  PARAMETERS 

We  =  9.3  um 
b  =  0.5 
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Two  -  Step  Ion  -  Exchange 


Fig.  2 
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^rnaSzed  hdex  Prof2e 


X  (pm) 


Fig.  5 
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Gainesville,  Florida  32611 


Abstract 


Buried  single-mode  channel  waveguides  have  been  designed  and  fabricated 
by  optimizing  the  two-step  Ag+-Na+  and  K+-Na+  ion-exchange  processes. 
Relatively  low  fiber  waveguide  throughput  loss  ( < 1 d  B )  in  20  mm.  long 
waveguides  was  achieved. 


Category:  Passive  Guided-Wavc  Devices 
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Glass  waveguides  made  by  ion-exchange  technique  are  potential  candidates 
for  integrated  optic  applications  such  as  power  dividers,  star  couplers  and 
multiplexers.  Although  recent  reports  [1]  have  demonstrated  significant 
progress  in  understanding  of  the  basic  ion-exchange  process,  and  in  the 
fabrication  of  low-loss  waveguides  and  1-0  components,  the  structures  have  not 
been  optimized  for  a  given  application  such  as  1.3ura  operation  of  single-mode 
fiber  communication  systems.  Most  of  the  work  reported  to  date  has  been  on 
surface  channel  waveguides  which  are  shallow,  lossy  and  Incompatible  with  the 
fibers. 

In  this  work,  we  report  for  the  first  time  a  systematic  study  of  the  two- 
step  ion-exchange  process  for  fabrication  of  symmetric  low-loss  single-mode 
channel  guides  optimized  for  1.3  pc.  Both  Ag+-Na+  as  well  as  K+-Na+  systems 
are  considered.  The  2-D  diffusion  process  is  modeled  and  the  results  show  an 
excellent  agreement  with  the  measured  index  and  modal  profiles.  Side 

diffusion,  space  charge  effects  and  presence  of  external  field  are  considered 
in  the  analysis. 

Ag+-Na~*'  Channel  Waveguides 

Previously  determined  ^values  of  the  surface-index  change  (An), 
interdiffusion  coefficient  (D)  and  silver  ionic  mobility  (u)  in  planar  guides 
made  in  a  soda-lime  glass  [2]  were  used  to  design  channel  waveguides  of  the 

desired  index  profile.  First-step  ion  exchange  was  performed  at  260°C  for  24 
hours  In  a  molten  mixture  of  70%  NatJ03  +  30%  KNO^  +  1  x  10_,itMF  AgNO^.  With 
channel  opening  widths  of  2-10  urn,  this  yielded  4-14  urn  wide  and  ~4  urn  deep 
guides  with  asymmetric  profiles  caused  by  the  side  diffusion  and  the  index 
discontinuity  at  the  air-glass  Interface.  A  second-step  ion  exchange  from 
pure  NaNO^  with  an  applied  field  of  25.0  V/mm  for  20  minutes  was  subsequently 
performed  at  330°C  to  bury  the  guides  below  the  surface,  increase  the 

waveguide  depth,  and  obtain  a  nearly  circular  profile.  The  resulting 

waveguides  were  characterized  for  the  mode-field  profile  and  attenuation.  The 
results  are  shown  in  Fig.  1.  An  extensive  modeling  of  the  diffusion  and  modal 
profiles  by  solving  the  pertinent  non-linear  2-D  diffusion  equation  with 
appropriate  initial  and  boundary  conditions  has  been  performed  and  the  results 
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are  correlated  with  the  experimental  data.  The  relatively  small  fiber- 
waveguide  coupling  loss  ( <0 . 1  dB)  Is  attributed  to  the  high  degree  of  node 
compatibility  achieved. 

g+-Na't'  Waveguides 


In  this  case,  three  different  glasses  were  used.  Planar  surface  guides 
were  first  fabricated  to  determine  the  index  profile  and  the  temperature 
dependence  of  D  in  each  case.  The  measured  index  profiles  in  the  three 
glasses  were  fitted  to  the  solutions  of  the  1-D  diffusion  equation  in  order  to 
explain  the  differences  in  the  profiles  3s  well  as  analyze  the  discrepancies 
existing  in  the  literature  regarding  their  origin  [3,4].  Next,  planar  surface 
guides  were  prepared  in  the  presence  of  an  external  field  (lOOV/mm).  Due  to 
the  presence  of  the  space  charge,  a  drop  in  the  ionic  current  was  observed  as 
the  lon-exchange  proceeded.  The  data  points  in  Fig.  2  show  this  behavior 
which  was  modeled  for  the  first  time  by  taking  into  account  the  difference 
between  the  mobilities  of  the  two  alkali  ions.  The  theoretical  prediction  is 
given  by  the  continuous  curve  in  Fig.  2,  indicating  an  excellent  agreement 
with  the  experimental  data.  Since  the  diffusion  effects  were  found  to  be 
negligible,  the  depth  (W  =  uEt)  of  index  profile  (Fig.  3(a))  was  used  to 
calculate  the  mobility  of  the  K+  ions  in  the  glass. 

The  index  profiles  of  the  surface  and  buried  channel  waveguides  are  shown 
in  Fig.  3(b).  To  the  best  of  our  knowledge,  this  is  the  first  time  the  K+-Na+ 
process  has  been  used  to  produce  buried  symmetric  channel  waveguides.  Our 
results  are  in  contradiction  to  the  published  reports  [5]  indicating  that 
K+-Sa+  waveguides  cannot  be  buried  by  a  second  step  ion  exchange.  Mode  field 
profiles  and  attenuation  were  measured  at  1.3  um.  The  loss  figures  are  given 
in  Table  I.  The  resulting  mode  field  profiles  are  almost  circular  although 
the  degree  of  circularity  is  not  comparable  to  that  in  the  Ag+-Na+  case.  An 
improvement  of  0.65  dB  in  total  throughput  loss  in  ~2  cm  long  waveguides  was 
achieved  as  a  result  of  the  second  step  ion-exchange  with  applied  field.  The 
distinct  differences  in  the  index  profiles  obtained  using  the  two  cations  as 
well  as  the  details  of  the  modeling  and  correlation  between  the  theory  and  the 
experimental  data  will  be  presented  at  the  meeting. 

This  work  was  supported  by  AFOSR  contract  No.  34-0369. 
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Table  I.  Loss  la  K+-Na+  Channel  Waveguide. 
BK-7  glass.  X  =  1.3  ina. 


Surface  Waveguide 
(17.4  mm) 


Burled  Waveguide 
(20  mm) 


F  Ibar-wave guide 
Total  throughput  loss 


1.60  dB 


0.96  dB 


Reflection  at 
the  output  end 


0.13  dB 


0.18  dB 


Fiber- waveguide 
mode  mismatch 


0.34  dB 


0.28  dB 


Propagation 


0.62  dB/cm 


0.25  d3/cm 


Time  (min) 

ig.  2.  Variation  of  ionic  current  in  K  -Na  ion  exchange  -with  applied 
field.  *  data  points.  -  fitted  curve. 


channel  planar 

i  WAVESJCS  f  .  MVE5UICS  l1-517 


Fig.  3(a).  Inverse  WKB  index  profile  of  planar  surface  guide  (330°C, 

82  min.,  E  =  100  V/mm). 

Fig.  3(b).  K+  concentration  profile  as  measured  by  electron  microprobe 
*  surface  guide,  380°C  &  345  min. 
o  buried  guide,  330°C,  82  min.  &  E  =  100  V/mm. 
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Abstract— In  this  paper  the  experimental  results  of  diffusion  studies 
and  modal  characterization  of  Aj;’-Na'  exchanged  glass  waveguides 
are  presented.  Empirical  relations  between  the  process  and  the  device 
parameters  are  derived  and  subsequently  used  to  formulate  a  system¬ 
atic  procedure  for  fabricating  single-  and  multimode  waveguides. 

I.  Introduction 

ION-EXCHANGED  waveguides  have  received  consid¬ 
erable  attention  recently  and  they  are  expected  to  form 
the  basis  for  passive  integrated  optical  devices.  Several 
monovalent  ions  such  as  Tl*  [1],  K*  [2],  Ag*  [3 ]— [6] , 
have  been  used  to  form  a  high-index  layer  on  the  surface 
ot  glass  slides.  A  recent  electrolytic  technique  [7],  [8] 
provides  opportunities  for  precise  control  of  Ag+  concen¬ 
tration  in  the  salt  bath  [9],  leading  to  fabrication  of  de¬ 
vices  with  reproducible  characteristics.  This  is  quite  im¬ 
portant  because  glass  waveguides,  being  passive,  cannot 
be  tuned  elcctrooplically  to  compensate  for  fabrication  er¬ 
rors. 

The  guiding  characteristics  of  a  planar  waveguide  de¬ 
pend  upon  the  device  parameters  such  as  the  maximum 
index  change,  index  profile,  and  the  waveguide  depth.  The 
device  parameters,  in  turn,  depend  upon  the  process  pa¬ 
rameters  such  as  the  diffusion  temperature,  diffusion  time, 
and  Ag*  concentration  in  the  salt  bath.  To  design  a  wave¬ 
guide  supporting  a  specific  number  of  modes,  it  is  nec¬ 
essary'  to  determine  the  relation  between  the  process  and 
the  waveguide  parameters.  Such  relations,  empirically 
derived  and  reported  in  this  paper,  are  useful  in  the  design 
of  single  and  multimode  planar  Ag*  diffused  glass  wave¬ 
guides. 

II.  Diffusion  Equation 

The  process  of  interdiffusion  of  sodium  and  silver  ions 
in  glass  has  already  been  examined  in  some  detail.  It  has 


been  shown  that  the  silver  ion  diffusion  can  be  described 
theoretically  by  a  concentration-dependent  one-dimen¬ 
sional  modified  Fick's  diffusion  equation  [10],  (11] 


3C  _  5C\ 

dt  dx  V  dx) 


(1) 


where  C  is  the  concentration  of  the  diffusing  ion  and  D  is 
the  interdiffusion  coefficient  defined  by 


and 


mole  fraction  of  silver  ion  = 


C<  +  CB' 


Ne  mole  fraction  of  sodium  ion 


where  DA.  Dfi  are  the  self-diffusion  coefficients  of  silver 
and  sodium  icms,  and  CA,  Cfl  are  the  silver  and  sodium 
ion  concentrations,  respectively. 

In  the  fabrication  of  ion-exchanged  glass  waveguides, 
the  silver  ion  concentration  is  very  small,  i.e.,  CA  « 
CH.  Therefore,  NA  =  0  and  A'„  approaches  unity. 

Under  these  conditions,  the  interdiffusion  coefficient 
D  in  (2)  becomes  the  self-diffusion  coefficient  of  the  in¬ 
coming  Ag\  namely  DA.  In  addition,  as  CA  is  quite  small, 
it  is  reasonable  to  assume  the  diffusion  of  silver  ions  into 
the  substrate  remains  unaffected  by  the  presence  of  al¬ 
ready  diffused  silver  ions.  In  other  words,  DA  is  indepen¬ 
dent  of  the  position  x  in  the  substrate.  As  a  result,  (1)  now 
simplifies  to  the  well-known  diffusion  equation 


dC  _  frC 
dt  "  °  d.r 
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where  we  have  omitted  the  subscript  A  in  the  diffusion 
coefficient  for  the  sake  of  simplicity. 

The  diffusion  was  carried  out  in  a  molten  NaNOx  bath, 
containing  the  electrolytically  released  silver  ions  |7),  |8], 
The  diffusion  can  be  considered  as  an  infinite  source  dif¬ 
fusion  since  the  number  of  silver  ions  diffusing  into  the 
semi-infinite  class  substrate  is  very  small  compared  to  that 
present  in  the  bath.  We  can  therefore  assume  that  the  con- 
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centration  of  Ag+  at  the  liquid-solid  interface  is  constant 
at  all  times.  Initially,  the  Ag  +  concentration  is  assumed 
to  be  zero  in  the  entire  substrate.  Under  these  conditions, 
the  diffusion  equation  has  an  analytical  solution  [11], 
given  by 

C(.r,  t)  =  C„  erfc  (x/l-JUt)  (4) 

where 

C0  concentration  of  silver  ions  in  the  bath, 

D  self-diffusion  coefficient  of  the  silver  ions. 

Planar  waveguides  fabricated  in  this  manner  exhibit  a 
complementary  error  function  index  profile.  The  propa¬ 
gation  characteristics  for  this  highly  asymmetric  profile 
have  been  determined  by  the  numerical  integration  of  the 
normalized  mode  dispersion  equation  [12],  [13].  We  have 
used  these  analytical  results  to  fit  our  experimental  data 
in  order  to  link  the  process  and  the  device  parameters. 

III.  Waveguide  Characterization 
Several  sets  of  single-mode  and  multimode  waveguides 
were  fabricated  using  Labmate  microscope  slides  for  dif¬ 
ferent  values  of  the  process  parameters  Ct,  (Ag+  concen¬ 
tration  in  bath)  and  /  (diffusion  time).  For  a  particular 
batch,  a  known  value  of  CV,  was  generated  using  the  im¬ 
proved  electrolytic  technique  [8|  and  waveguides  were 
fabricated  for  times  ranging  from  20  to  120  min.  Prism 
coupling  technique  was  used  to  excite  the  modes  in  order 
to  determine  the  mode  indices.  An  iterative  computer  pro¬ 
gram  was  written  to  estimate  the  diffusion  coefficient  D 
and  the  maximum  index  change  An.  The  procedure  is  de¬ 
scribed  as  follows. 

Assuming  small  index  change  between  the  substrate  and 
the  peak  surface  refractive  index,  the  V  parameter  is  de¬ 
fined  as  [14] 

V  =  kd-JlnbAn  (5) 

where 

k  2ir/A,  free-space  propagation  constant, 

A  wavelength  of  operation, 
d  effective  waveguide  depth, 
nb  bulk  refractive  index  of  the  substrate, 

A n  maximum  change  in  the  refractive  index. 

As  described  previously,  the  interdiffusion  of  Ag  +  -Na*, 
for  low  concentrations  of  Ag  +  ,  reduces  to  the  simple  case 
of  self-diffusion  of  silver  ions  into  the  glass  substrate  and 
therefore,  the  imerditfusion  coefficient  D  approaches  the 
self-diffusion  coefficient  D.  This  fact  has  been  experi¬ 
mentally  determined  by  independent  diffusion  studies  and 
the  results  are  presented  elsewhere  [15]. 

For  complementary  error  function,  the  depth  of  diffu¬ 
sion  equals  the  waveguide  width  d  and  is  given  by 

d  =  2  yfDt.  (6) 

Thus 


A  He-Ne  laser  (A  =  0.6328  fxm)  was  used  for  the  mode 
index  measurements.  The  bulk  refractive  index  nh  was 
measured  using  an  Abbe’  refractomcter  and  for  Laomate 
glass  nb  =  1 .5125.  Thus  at  A  =  0.6328  y, m 

V  =  (3.454  x  107)  v'D/A/i .  (8) 

The  normalized  propagation  constant  b„  for  a  guided 
mode  in  an  asymmetrical  graded  index  waveguide  [  14]  is 
defined  as 

Ni  -  «* 


where 

Nm  $Jk,  mode  index  for  the  mode  of  order  m, 

b„  propagation  constant  of  the  mode  of  order  m, 

ns  surface  index  =  nh  +  An. 

For  small  index  approximation  (which  is  valid  for  our 
glass  waveguides).  An  «  nh  so  that 

bm  =  do) 

An 

From  (8)  and  (10).  it  is  seen  that  for  a  given  glass  sub¬ 
strate  and  a  given  wavelength  of  operation,  V  is  a  function 
of  D.  An,  and  r.  whereas  b,„  depends  upon  An  and  the 
mode  index  Nm.  Of  these  parameters.  N„  and  nh  are  de¬ 
termined  experimentally  and  t  is  also  known.  An  depends 
upon  C0.  the  concentration  of  Ag"'  in  bath.  Thus,  a  set  of 
waveguides  fabricated  with  the  same  C0  but  with  different 
t  have  the  same  An  but  different  depths,  hence  different  V 
numbers.  The  computer  program  reads  as  its  input  data 
the  mode  order  m,  the  mode  index  Nm,  and  the  diffusion 
time  /  for  each  of  the  mode  in  a  set  of  waveguides  with 
the  same  An.  The  diffusion  profile  for  these  waveguides 
as  evidenced  by  the  backscattered  electron  SEM  analysis 
Ag+  profile  [15],  [16]  is  the  theoretically  anticipated 
complementary  error  function  and  contrasts  the  exponen¬ 
tial  function  profile  determined  by  the  measurement  of 
mode  excitation  angles  and  the  use  of  inverse  WKB 
method  by  Imai  et  al.  [17],  A  min-max  error  algorithm 
is  used  for  fitting  experimental  data  to  the  theoretically 
derived  b-V  characteristics  [12],  ]  1 3 ] .  for  the  comple¬ 
mentary  error  function  index  profile  [15]  of  these  wave¬ 
guides.  To  start  with,  for  each  sample,  values  of  An  and 
D  were  initially  guessed  and  V  was  calculated  from  (8). 
For  this  value  of  V,  using  the  theoretical  analysis  [12], 
[13],  b„  was  estimated  numerically  for  each  of  the  allow¬ 
able  modes.  On  the  other  hand,  for  the  same  An.  the  nor¬ 
malized  propagation  constant  bm  was  also  calculated  using 
(10).  The  error  is  defined  as  the  largest  difference  between 
the  value  of  bm  calculated  from  the  b-V  characteristics  and 
that  calculated  from  (10).  The  values  of  An  and  D  were 
then  varied  over  a  prespecified  range  and  the  error  cal¬ 
culations  were  repeated.  The  error  contours  were  then 
plotted  in  the  An-D  plane.  Fig.  1  shows  a  typical  error 
contour  plot  corresponding  to  a  mole  fraction  concentra¬ 
tion  C0  of  1 .6  x  I0"1  and  diffusion  of  Ag*  at  338°C  for 
three  modes.  The  contours  show  that  the  error  has  a  min- 
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Fig,  1  Error  conlours  in  Ihe  A n-D  plane  wilh  the  error  in  the  normalized 
propagation  constant  between  the  theoretical  and  experimental  xaluex 
for  three  modes. 


Ag*  Molar  Concentration  Co  (x  10  3) 

Fig.  2.  Surface  index  change  An  versus  Ag  ‘  concentration  C'„  lor  Labmate 
glass. 

imum  and  the  values  of  A/i  and  D  corresponding  to  this 
minimum  are  the  best  estimates.  This  procedure  gives 
same  set  of  values  of  An  and  D  for  each  mode. 

Several  waveguides  were  fabricated  with  different  con¬ 
centration  values  and  using  the  above  procedure.  An  was 
estimated  for  each  Ag+  concentration.  The  relationship 
between  An  and  C0  is  shown  in  Fig.  2.  The  curve  in  the 
region  where  the  value  of  C0  is  small  is  essentially  linear. 
For  guides  with  small  number  of  modes  (less  than  six 
modes),  the  relationship  between  An  and  C„  can  be  ap¬ 
proximated  as 


An  =  26.5C0  (11) 

where  C„  is  expressed  as  the  mole  fraction  of  silver  ions 
in  bath. 

Equation  (11)  provides  an  important  link  between  the 
device  parameter  An  and  the  process  parameter  C0.  This 
empirical  relation  is  valid  for  Labmate  slides  used  as  sub¬ 
strates  in  our  experiments.  If  we  were  to  assume  that  in¬ 
deed  Ag*-Na~  exchange  is  taking  place,  any  change  in 
weight  fraction  of  Na,0  in  our  different  substrate  would 
require  redetermination  of  the  linear  relationship  between 
An  and  C().  In  addition,  other  cations,  e.g.,  Ca+~.  may 
alter  this  behavior  as  well.  However,  for  the  weight  frac¬ 
tion  of  Na;0.  in  the  neighborhood  of  10-15  percent,  the 
estimate  of  An/C„.  established  by  (11)  is  valid  [16]. 

IV.  Diffusion  Coefficient 

To  estimate  the  variation  of  the  diffusion  coefficient  D 
with  temperature  T,  using  the  improved  electrolytic  re¬ 
lease  technique,  three  batches  of  waveguides  were  fabri¬ 
cated  at  338.  354.  and  360°C.  The  diffusion  coefficient 
at  these  temperatures  is  estimated  by  the  computer  pro¬ 
gram  mentioned  above.  The  variation  of  D  with  Tis  given 
by  an  Arhenius  type  relation  [10] 

D(T)  =  D0  e'yHRT  ;  2) 

where 

AH  activation  energy. 

R  gas  constant  (8.3 14  J/K°  •  mole). 

Taking  logarithm  of  (11).  we  have 

In  D  =  In  D„  -  (AH)IRT.  (13) 

Thus  the  slope  of  the  curve  In  D  versus  (l/7~)  gives  the 
value  of  AH/R.  As  shown  in  Fig.  3,  AH  is  estimated  to 
be  8.933  x  1()J  J  and  the  diffusion  coefficient 

D0  =  1.1906  x  10~7  (nr/sec). 

Since  for  the  glass  waveguide  fabrication,  the  diffusion 
time  is  of  the  order  of  tens  of  minutes  and  the  diffusion 
depth  is  of  the  order  of  a  few  **•  icrometers.  D  is  expressed 
in  square  micrometers  per  n  nute.  The  temperature  range 
is  rather  restricted,  as  NaNO,  melts  at  307°C  and  decom¬ 
poses  at  380°C.  Using  the  above  value  of  D0  and  AH  in 
the  Arhenius  relation  (equation  (12)),  D  versus  T  is  plot¬ 
ted  over  the  relevant  temperature  range  and  is  shown  in 
Fig.  4.  It  is  seen  that  the  curve  can  be  approximated  by 
two  linear  segments  w  ith  a  transition  around  353°C.  Be¬ 
yond  353°C,  D  changes  rapidly  with  7’ so  that  in  this  re¬ 
gion,  the  temperature  fluctuations  during  fabrication  will 
cause  significant  changes  in  D  resulting  in  a  large  varia¬ 
tion  in  the  guide  depth  ,7.  This  indicates  that  the  diffusion 
temperature  should  be  chosen  between  307 °C  and  353°C. 
During  the  experiments  it  w<as  observed  that  a  temperature 
gradient  of  as  much  as  20°C  can  exist  in  the  bath  [9).  and 
hence,  it  is  recommended  to  choose  330°C  as  the  dif¬ 
fusion  temperature,  which  is  sufficiently  higher  than  the 
melting  point  of  NaNO,,  viz.,  307°C. 
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0.0015  0.0016  0.0017  0.00176 

1/T  (°K'1) 

Fig.  3.  Estimation  of  activation  energy  A/f  from  \n  D  versus  \>T  plot 
(Labmato  glass). 


300  310  330  330  340  350  360  370  380  390  400 

T  In  *C 

Fig.  4.  Diffusion  coefficient  D  versus  temperature  for  Labmate  glass. 


At  330°C,  the  diffusion  coefficient  D  =  0.129  /zm2/ 
min.  Substituting  this  value  in  (6): 

d  =  0.718V?.  (14) 

Equation  (14)  provides  the  second  important  link  between 
the  device  parameter  d  and  the  process  parameter  t.  This 
value,  derived  from  modal  characterization,  agrees  with 
that  estimated  from  the  diffusion  studies,  presented  else¬ 
where  ( 1 5 1 . 

V.  Dhsicn  Procedure 

Using  the  relations  given  by  (II)  and  (14),  a  systematic 
design  procedure  is  formulated  as  described  below. 


The  normalized  dispersion  equation  for  an  asymmetri¬ 
cal  graded-index  planar  waveguide  is  given  by  [12],  [13] 


V  I  I /(-v ' >  -  /;]'  :  dx'  =  (m  +  |)i  (15) 

Jo 

where  x'r  is  the  normalized  turning  point.  At  cutoff,  x,’  -* 
oo  and  b  =  0.  For  a  complementary  error  function  profile 
fix' )  =  erfc  (x' ).  Therefore.  Vrm ,  the  value  of  V  number 
at  cutoff  of  the  mth  mode  can  be  written  as 


Soo 

s/er 

u 


rfc  (x' )  dx'  = 


(4m  +  3)t 


Since  erfc  (x' )  is  a  monotonically  decreasing  function  with 
increasing  .v' .  and  erfc  (2)  =  0.0005,  to  reduce  the  com¬ 
putation  time,  we  can  limit  the  integration  range  by  using 
the  approximation 


\  s/e  rfc  (.r' )  dx'  —  f  verfc  (x‘ )  dx'.  (17) 

Jo  Jo 

The  integral  on  the  right-hand  side  of  (17)  is  evaluated 
numerically  and  its  value  is  found  to  be  0.89.  Thus 


-  (0.89)  K™  = 


(4m  +  3)7t 


From  (6).  (7).  (11).  and  ( 14).  for  X  =  0.6328  ^m,  nh  = 

1 .5125  and  D  -  0. 129  pnr/min 

V  =  63.85v//Q.  (19) 

From  (18)  and  ( 19).  the  cutoff  value  V,m  can  be  eliminated 


(4m  +  3)  7r 
4(0.89) 


=  (63.85)  (VrQWoff.  (20) 


C„  and  r  in  the  above  equations  correspond  to  those  values 
of  diffusion  depth  and  An  which  give  the  respective  mode 
cutoff.  Thus,  the  cutoff  condition  for  mode  m  dictated  by 
the  process  parameters  i  and  C0  is 

(/C„)culoff  =  (1.91  X  10'4)  (4m  +  3)2.  (21) 


For  various  values  of  m.  the  relations  between  t  and  C0  as 
given  by  (21)  are  plotted  in  Fig.  5.  Since  these  curves 
distinguish  the  regions  of  various  modes,  the  design  can 
be  done  entirely  using  the  process  parameters,  making  the 
device  parameters  invisible  in  the  design  procedure.  For 
example,  for  a  given  time  of  diffusion  (as  decided  by  the 
required  waveguide  depth),  one  can  find  the  value  of  C0 
which  keeps  the  waveguide  single  mode.  Generation  of 
this  value  of  C0  can  be  done  precisely  using  the  electro¬ 
lytic  process  [7],  [8] .  The  inherent  capability  of  this  pro¬ 
cess  to  generate  arbitrary  values  of  C0  can  likewise  be 
used  together  with  these  curves  to  fabricate  waveguides 
supporting  a  specific  number  of  modes.  Neglecting  the 
material  dispersion  effects,  the  relation  between  An  and 
C„  given  by  ( 1 1 )  is  essentially  valid  for  other  wavelengths 
as  well.  Thus,  similar  design  curves  can  be  plotted  for  any 
other  wavelength,  e.g. ,  for  X  =  1.32  nm  as  shown  in  Fig. 
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Fig.  5.  Diffusion  time  t  versus  Ag*  mole  concentration—  design  curves  at 
cutoff  for  X  =  0.6328 


Fig.  6.  Diffusion  time  t  versus  Ag  *  mole  concentration— design  curves  at 
cutoff  lor  X  =  1.32  jim. 

6.  We  have  experimentally  confirmed  the  validity  of  the 
curves  for  X  =  0.6328  >4111  by  fabricating  various  graded 
index  (erfc)  waveguides  by  electrolytic  release  technique 
and  evaluating  them  using  the  prism  coupler. 


VI.  Conclusions 

We  have  presented  the  results  of  an  experimental  study 
of  modal  characterization  of  planar  waveguides  fabricated 
using  Ag*  diffusion  into  glass  substrate.  With  the  help  of 
a  numerical  solution  fora  graded  index  (erfc)  waveguide, 
the  guiding  characteristics  were  used  to  estimate  the  de¬ 
vice  parameters,  viz.,  the  maximum  index  change  and 
the  effective  guide  width.  Using  an  appropriate  diffusion 
model,  the  dependence  of  the  diffusion  coefficient  of  Ag* 
in  glass  and  the  diffusion  depth  on  process  parameters, 
viz.,  diffusion  temperature  and  time  were  estimated.  The 
resulting  empirical  data  were  used  to  establish  the  links 
between  the  process  and  the  device  parameters  and  to  for¬ 
mulate  a  systematic  procedure  for  fabricating  glass  wave¬ 
guides  supporting  a  specified  number  of  modes. 
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Abstract — A  variational,  finite-dill'ercnc*?  method  for  computing  the 
normalized  propagation  constants  and  the  normalized  Held  profiles  of 
channel  uavepuides  with  arbitrary  index  prtiHles  as  well  as  aspect  ra¬ 
tios  is  presented.  Mode  dispersion  curves  and  the  Held  profiles  of  the 
fundamental  mode  of  channel  waveguides  having  profiles  of  practical 
interest  arc  included. 

I.  Introduction 

HE  analysis  of  channel  waveguides  plays  a  significant 
role  in  the  design  of  integrated  optical  devices  since 
channel  waveguides  form  the  basic  building  blocks  of 
many  devices,  e  g  .  directional  couplers,  clcctroopiic 
modulators,  switches,  etc.  The  channel  waveguide  mode 
dispersion  is  crucial  to  the  device  design  because  repro¬ 
ducible  fabrication  of  these  devices  needs  a  prior  knowl¬ 
edge  of  the  waveguide  modal  behavior.  A  number  of 
methods  for  analyzing  both  step  and  graded  index  wave¬ 
guides  are  already  available  in  the  literature.  Goell  [  1  ]  has 
used  circular  harmonic  analysis  for  a  step  index  channel 
immersed  in  an  infinite  medium  of  lower  index.  Marcatili 
[2]  has  analyzed  the  step  index  channel  by  ignoring  the 
fields  in  the  comer  regions.  This  approximate  analytical 
solution  gives  accurate  results  for  waveguides  far  away 
from  cutoff  because  the  field  in  the  comer  region  of  such 
waveguides  can  indeed  be  ignored.  Neither  approach 
mentioned  above,  however,  is  applicable  to  graded  index 
waveguides.  Schweig  and  Bridges  [3]  have  reported  a  fi¬ 
nite-difference  method  for  computing  mode  dispersion  of 
step  index  waveguides.  Hocker  and  Bums  [4]  have  ex¬ 
tended  the  effective  index  method  [5]  to  graded  index 
waveguides;  other  approaches  to  graded  index  wave¬ 
guides  include  Yeh's  finite  element  analysis  [6|.  Pichot's 
method  based  on  vector  integral  equations  (7).  and  the 
variational  method  reported  by  Mutsuhura  [8|  and  Taylor 
(9).  None  of  the  above  methods,  regardless  of  the  ap¬ 
proach  being  analytical  or  numerical,  provides  normal¬ 
ized  solutions  for  channel  waveguides  of  arbitrary  index 
profiles  and  aspect  ratios. 

Manuscript  received  November  5.  I9N5.  revised  March  3.  1986.  This 
work  was  supported  by  a  grant  Irom  AE’OSR  Contract  84-0369. 
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ol  Electrical  Engineering.  University  ot  Iowa.  low  a  Citv.  lA  52242 

R.  V.  Ramaswamv  is  with  the  Department  ol  Electrical  Engineering. 
University  of  Honda.  Gainesville.  EL  32M  1 


The  waveguides  used  in  practice  are  often  made  by  dif¬ 
fusion  which  results  in  channels  with  index  profiles  (typ¬ 
ically  Gaussian  and  complementary  error  function)  which 
are  not  amenable  to  analytical  treatment.  Numerical 
methods,  on  the  other  hand,  give  solutions  which  are  ap¬ 
plicable  to  specific  waveguides,  and  recomputation  is 
necessary  if  the  waveguides'  parameters  are  changed.  If 
the  associated  Helmholtz  equation  can  be  normalized  prior 
to  the  numerical  solution,  the  results  will  turn  out  to  be 
fairly  general  and  applicable  to  any  graded  index  profile. 
We  have  used  this  approach  to  calculate  the  normalized 
held  profiles  of  a  highly  asymmetrical,  planar  graded  in¬ 
dex  waveguide  [11].  In  this  paper,  we  extend  it  to  channel 
waveguides  with  arbitrary  index  profiles.  The  reported 
method  has  the  following  advantages. 

1)  U  accepts  any  index  profile,  even  if  it  is  available  at 
discrete  points.  The  method,  therefore,  can  directly  use 
the  results  of  diffusion  simulation,  in  which  case  the  index 
profile  as  obtained  from  the  numerical  solution  of  the  two- 
dimensional  diffusion  equation  is  available  only  at  dis¬ 
crete  points. 

2)  It  solves  the  normalized  Helmholtz  equation  so  that 
the  results  are  applicable  to  all  waveguides  of  a  given  in¬ 
dex  profile. 

3)  Most  importantly,  unlike  other  numerical  tech¬ 
niques.  it  accepts  various  waveguide  aspect  ratios  without 
any  additional  reformulation.  This  feature  is  important 
because  the  aspect  ratio  of  a  practical  waveguide  depends 
on  both  the  diffusion  depth  and  the  waveguide  width, 
which  in  turn  depends  on  the  lateral  diffusion.  Thus,  the 
aspect  ratio  usually  has  a  value  other  than  unity. 

Therefore,  the  approach  is  applicable  in  the  evaluation 
of  channel  waveguides  with  a  given  depth,  and  any  aspect 
ratio,  c.g..  two-dimensional  tapered  waveguide  transi¬ 
tions.  without  extensive  recompilation. 

The  numerical  approach  presented  here  involves  a  com¬ 
bination  of  both  variational  and  finite-difference  tech¬ 
niques.  The  straightforward  finite-difference  approach  to 
solve  the  normalized  Helmholtz  equation  requires  a  large 
number  of  subintervals  since  for  that  method,  the  field  is 
discontinuous  at  the  subinterval  boundaries.  For  a  reason¬ 
ably  accurate  solution,  it  is  estimated  that  at  leas!  50  in¬ 
tervals  will  be  needed  along  the  x  and  v  directions.  This 
will  result  in  matrices  of  size  (2500  x  2500)  and  the  nu¬ 
merical  computations  such  as  matrix  inversion  will  be  vir- 
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(5) 


(6) 


ually  impossible.  In  the  variational  approach  with  bilin¬ 
ear  interpolation,  the  field  is  continuous  at  the  subinterval 
loundaries,  and  with  as  low  as  14  subintervals  in  the  x 
md  y  directions,  quite  an  accurate  solution  is  achieved. 

II.  Theory 

1.  Normalization 

The  step  index  dielectric  channel  waveguide  under  con¬ 
sideration  is  shown  in  Fig.  1.  Obviously,  for  diffused 
channel  waveguides,  there  are  no  sharp  boundaries  be¬ 
tween  the  waveguide  and  the  substrate  as  shown  in  the 
figure.  In  that  case,  the  width  w  and  the  depth  cl  should 
be  taken  as  the  diffusion  width  and  the  diffusion  depth, 
respecrively. 

The  index  profile  can  be  expressed  as 

nix,  v)  =  nh  +  Anf(x,  y)  (11 

where  /(x,  y)  is  the  normalized  index  profile  function 
which  takes  values  between  0  and  1.  For  the  substrate 
region,  n(x,  y)  =  nh:  therefore. /(.v.  y)  =  0.  The  peak  of 
the  index  profile  occurs  when  /(x,  y)  =  1  and  the  peak 
index  is  given  by  nr  =  nh  +  An. 

Assuming  a  small  index  difference,  i.e..  An  «  n,„  the 
modes  supported  by  this  waveguide  can  be  divided  into 
two  groups: 

1)  quasi-TE  modes  in  which  the  primary  field  compo¬ 
nents  are  £v,  H,,  and  H. 

2)  quasi-TM  modes  in  which  the  primary’  field  com¬ 
ponents  are  £t,  H,  ,  and  £.. 

For  quasi-TE  modes,  the  field  £v  can  be  expressed  as 

£,  =  E(x.  y)  e'**.  (2) 

The  field  amplitude  £(x,  v)  satisfies  the  two-dimensional 
scalar  Helmholtz  equation 

d2E  d:E 

d?  +  d?  +  lk'°n‘lx'  -v)  -  £"]£  =  0-  <3) 

The  following  normalized  space  variables  are  defined: 
x’  =  x/c I 


\0  =  wavelength  of  operation. 

These  normalized  variables  can  be  used  to  convert  (3) 
into  a  normalized  partial  differential  equation: 

-4  7^  +  +  1/2 ! /(*'.  y')  ~  b]E  =  0.  (7) 

r*  ax  ~  ax  ~ 


B.  Variational  Formulation 

The  variational  formulation  converts  the  problem  of 
solving  a  partial  differential  equation  into  that  of  finding 
the  maximum  of  a  functional  involving  integrals,  in  ad¬ 
dition.  the  variational  approach  typically  converges  more 
quickly  than  the  direct  finite-difference  method.  Since  nu¬ 
merical  integration  is  inherently  stable,  the  variational 
formulation  eliminates  the  problems  of  instability  asso¬ 
ciated  with  the  numerical  solution  of  partial  differential 
equations.  Matsuhara  18),  Taylor  |9],  and  Korotky  ct  al. 
[10]  have  used  this  approach  to  solve  the  Helmholtz  equa¬ 
tion  (3).  We  apply  this  method  to  the  normalized  Helm¬ 
holtz  equation  (7)  in  order  to  obtain  the  normalized  so¬ 
lution  directly.  The  method  is  described  briefly  below. 
We  define  a  scalar  functional 

D 

where  x\  y'  are  the  independent  variables  and  E  is  the 
dependent  variable.  The  integration  is  earned  out  over  do¬ 
main  D  in  the  (x\  y ' )  plane  and  the  boundary-  of  the  do¬ 
main  D  is  considered  fixed  for  all  variations.  The  surface 
£(x\  v ' )  which  extremizes  the  functional  <i>  can  be  shown 
to  be  the  solution  of  the  Euler-Lagrange  equation  [13] 

dF  d  (dF\  d  ( dF\ 
dE  dy'\dr)~dx'\dq/^°  (9’ 


where  p  =  3£/dy'and  q  =  dEld.x'. 
If  we  choose 


£  =  >•')  E: 


1  (dEY 

?  W')  ■ 


V2hE: 


y'  =  y/w 

r  =  w/cl  (4) 

wherex',  y',  and  r  represent  the  normalized  depth,  width, 
and  the  aspect  ratio,  respectively. 

The  V  and  b  parameters  are  defined  in  the  usual  wav  as 

(121 


(10) 

then  the  Euler-Lagrange  equation  for  this  choice  of  £  be¬ 
comes  the  normalized  Helmholtz  equation  (7). 

Thus,  any  £(x’,  v ' )  which  extremizes  <*>  is  the  solution 
of  (7).  and  hence  is  the  normalized  field  profile  of  the 
channel  waveguide.  The  variational  formulation  thus  con¬ 
verts  the  problem  of  solving  the  partial  differential  equa- 
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(ion  (7)  ui  'he  problem  of  extremizing  the  functional  o 
given  by 

o  =  \  \  ■  t'-JW.  ?')  £:  - 
/> 


or 

bl  —  ( X*)  oJ  =  0. 


Comparison  of  (15)  and  (21)  yields 
X*  =  V'~b. 


(21) 

(22) 


From  physical  considerations,  the  fields  in  an  optical 
waveguide  vanish  at  infinity.  This  provides  a  boundary 
for  this  variational  problem.  In  other  words,  the  required 
boundary  of  domain  D  which  is  fixed  for  all  variations  is 
contained  in  the  fact  that  £  should  be  identically  zero  on 
this  boundary 

Since  the  field  decay  s  exponentially  in  the  substrate  and 
the  cove",  it  is  reasonable  to  assume  that  the  field  vanishes 
at  some  finite  point.  This  assumption  is  necessary  to  econ¬ 
omize  on  the  numerical  calculations,  and  hence  the  com¬ 
puter  time. 

We  now  describe  the  steps  involved  in  the  extremiza- 
tion  of  o  given  by  (8).  We  define  the  functionals  /  and  J 
as 

i  =  \\  Vi  -  -1. 

i> 


f  dr'/ 


</. 1  ’  i/y ' 


(12) 


J  *  \  \  /-•'  d\',h'.  (13) 

V 

Substitution  ot  (12)  and  (13)  in  ill)  gives  the  following 
equation  for  o. 

o  =  i-  <r' />»./.  (14) 

At  the  extremum,  bo  =  0.  so  that 

bl  -  (F:/j)  bJ  =■  0.  (15, 

We  define  a  scalar  function  X  (not  to  be  confused  w  ith  the 
wavelength  X„)  given  by 

X  =  11  J.  (16) 

This  function  attains  a  stationary  value  X*  when 


bXjv  -  0. 

Taking  differentials  in  (16).  we  get 
Jbl  -  IbJ 


(17) 

(18i 


Comparing  >17)  and  (18).  we  obtain  the  following  con¬ 
dition  at  the  extremum  of  X: 


Jbl  -  IbJ  =  0 


(  19) 


which  can  be  rewritten  as 


(20) 


For  a  given  V.  we  have  thus  found  the  normalized  prop¬ 
agation  constant  h  in  terms  of  the  parameter  X*  which  can 
be  shown  to  be  the  extremum  value  o ( IIJ.  In  other  words, 
we  have  convened  the  problem  of  solving  the  panial  dif¬ 
ferential  equation  (7)  into  that  of  extremizing  l  J  where  / 
and  J  are  given  by  (12)  and  (13).  respectively. 

To  proceed  with  the  extremization  of  IIJ.  it  is  necessary 
to  make  an  approximation  for  the  functional  form  of  the 
normalized  held  distribution  £(.v'.  v').  As  seen  from  ( 12) 
and  (13).  J  depends  on  £(.v'.  v').  while  /  depends  on  both 
E (.v ' .  y ' )  and  the  index  profile  function  fix',  v'). 

Matsuhara  |7]  and  Taylor  18]  have  expressed  the  fi.eld 
profile  £(.v.  y)  as  a  linear  combination  of  a  finite  number 
of  parabolic  cylinder  functions.  Since  they  did  not  nor¬ 
malize  the  Helmholtz  equation,  they  deal  with  the  held 
profile  £(.v.  v)  rather  than  the  normalized  field  profile  £(.*:', 
v').  The  finite  series  is  given  by 

£(.v.  y,  =  </.  (2~S’)( './'■)" '  "  £.(  v  '$)  D  (y  -  y,,)-'r) 

(23) 

where  I),  and  D  are  the  parabolic  cylinder  functions  of 
order  i  and,/',  respectively.  The  factor  (2~£rp  .'/ ! )  is  used 
to  normalize  the  modal  functions,  a...  £.  and  r)  are  deter¬ 
mined  by  stationary  conditions.  To  account  for  the  tact 
that  the  peak  of  the  held  occurs  within  the  waveguide  at 
some  finite  depth  rather  than  at  the  surface.  Taylor  has 
introduced  the  term  ,v,,  in  the  arguments  of  Dr 

Sehweig  and  Bridges  [3]  have  reported  a  computer 
analy  sis  using  a  variational  approach  where  they  have  de¬ 
fined  a  mesh  that  covers  the  region  of  integration  and  ex¬ 
press  the  held  using  a  four-point  Laplace  operator,  w.th 
the  assumption  that  the  index  is  constant  inside  each  cell 
of  the  mesh.  They  have  applied  their  method  to  a  step 
index  waveguide  and  have  shown  that  their  solution  com¬ 
pares  quite  well  to  that  of  Marcalili  [2). 

To  make  the  task  of  numerical  computation  easier  and 
to  allow  index  variation  in  the  region  of  integration,  we 
choose  to  represent  the  held  using  bivariate  interpolation. 
As  shown  in  Fig.  2.  the  waveguide  ABCD  is  surrounded 
by  a  boundary  PQRS  where  the  modal  field  is  assumed  to 
vanish.  For  well-guided  modes,  the  fact  that  the  held  de¬ 
creases  rapidly  in  the  substrate  and  the  cover  (although 
more  rapidly  in  the  cover  for  the  highly  asymmetrical 
case)  justifies  this  assumption.  For  modes  closer  to  cutoff, 
obv  iously.  the  boundary  PQRS  needs  to  be  extended  much 
farther  from  the  waveguide.  To  illust-aie  the  method, 
consider  a  square  grid  drawn  inside  the  box  with  14  rows 
and  14  columns.  The  field  is  defined  at  the  grid  points  as 
shown  in  Fig.  2.  Thus,  we  have  the  held  specified  by  vec¬ 
tor  |£(l).  £(2)  •  •  •  £(196)].  Inside  the  grid,  the  field  is 
expressed  as  a  bilinear  interpolation  of  the  four  grid  point 
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P  Q 


2  2  Channel  waveguide  surrounded  hv  the  boundurv  PQRS 

a  here  the  field  \anishes  The  end  points  corresponding  to  a  14  *  !4 
'duare  grid  represent  the  l*Jh  h  held  values  as  show  n 

X 

4 


<n.h) 

Ehh 


i - ►y 

(0,0)  fh.Uj 

E00  Eh0 

fig  3  Lspanded  square  cell  (shaded  box  in  Fig  2)  used  in  the  bivariate 
interpolation 


values  [14],  A  typical  square  cell  (shown  in  Fie.  2  as  a 
shaded  box)  is  expanded  in  Fie.  3.  The  field  distribution 
for  points  inside  this  cell  is  w  ritten  as 
1 

t(x '.  x')  =  -t;  (  Ehh.x '  v ’  +  E,Jh  -  x')(h  -  v’) 

If 

*  Eh.,y'(h  -  .xr’>  ‘  .  -  v'Vx'l  (24) 

Since  this  fonn  of  interpolation  is  linear  on  each  link  o! 
the  net.  it  provides  [-Ax',  v ' )  which  is  continuous  on  the 
whole  region.  We  select  y'l  to  vanish  at  the  nodes 

on  the  boundary  PQR. S.  so  that  it  ai.ionuticallv  satislies 
the  boundary  condition 

C  Sunwncd!  Solution 

With  tile  detinition  of  the  square  grid  and  the  field  at 
the  grid  points,  it  r  possible  to  express  the  integral  func¬ 
tions  /  and  J  as  summations  of  their  values  on  a  single 
square  cell 

Since  we  have  assumed  the  held  to  vanish  on  the 


boundary  PQRS  (and  beyond)  we  get 

-t-  OD 

J  =  ^  |  E(x'.  v ')  thi'  dy'  —  ^  |  E'ix'.  y')  dx'  dy'. 

-CP  Rd>.  Undid 

(25) 

The  integration  ov  er  the  rectangle  PQRS  can  be  expressed 
as  a  summation,  giv  ing  the  following  relation: 

L  |  \  £‘(.x '.  y’l  dx  '  dx' 

iv 

(26) 

where  Sl:  is  a  single  square  cell  w  ith  side  h  (as  shown  in 
Fig.  3). 

The  above  integral  (26)  can  be  evaluated  in  terms  of  the 
values  of  the  E  field  at  the  comer  points  of  a  single  cell 
and  then  summed  over  all  cells.  Thus,  we  can  w  rite 

1  \  E-Ax',  y'l  i Lx’  dx'  =  \  \  ~  \Ehhx'y' 
s-  s. 

+  £/„,>■ '(/;  -  x') 

+  £ „ ,( h  —  x'Uh  -  y ' ) 

-  £  ,  x’th  -  y ' ))'  dx'  dy' 

If  ,  , 

—  (£...  —  Eh„  -t-  E„h  £ >,,, i 

-  <£,,£*„  -  £„„£„* 

~r  £/.,.£,.  4-  Eh„E,,h ) 

-*■  —  (E,...Ehi.  +  £,„,£..,.). 

o6 

(27) 

The  expression  for  /  is  more  involved  because  it  has  com¬ 
plex  terms  such  as  l':/(  v  v  )  E  .  (<3 £  dx ' ):  and  (dE  dx' ): 
|as  indicated  in  (  12;)  The  partial  derivative  idEdx'i  is 
expressed  as  [14', 

dE  1 

v —  -  —  [£,„. v'  -  £',.!«  —  v * ) 

d  v '  Ir 

\ '  *  £„  t h  —  y ' ) | .  (2Si 

A  similar  expression  is  written  tor  t dE  d\ 

The  term  l'/(x  ',  \  ')  £  is  written  as 

r 

)t.  \J-<h  ~  x'nh  v'l  •  J,,,.x  \  i-  /,„(/;  -  v'u 

*  t,  Vt/i  v  '  )|  ■  [  £  .1  /l  —  x  ’  I  I  /;  -  y'l 
'  /  . ,  x  v  •  /  ,  ( h  -  \  '  )x  '  *  £..  \  All  x  T] 


£'(.v’.  v  ')  dx'  dx'  = 


Rccunslc 

PQRS 
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Fill.  4  Grui  poult  ;ind  correspond  in  i;  eieht  nearest  neighbors  and  their  no¬ 
tations  used  to  simplit)  the  summation  over  the  tour  square  cells  in  terms 
of  the  held  \ulucs  at  the  nearest  neighbors  that  involve  G  t. 


The  above  expression  is  integrated  over  a  unit  square  ceil 
to  obtain  the  result  in  terms  of  the  values  of  the  field  at 
the  comers  (i.e..  £',„,.  E„h.  and  E,,h )  and  the  values  of 
the  index  at  the  comer  (i.e.,  f,„.  and  /,.,.).  The 

expressions  are  too  long  and  have  been  omitted  for  the 
sake  of  brevity. 

Thus,  the  integrals  of  functions  /  1 1 2 )  and  J  ( 13)  over 
a  single  cell  are  summations  involving  the  square  terms 
£,*...  Eilh.  £;„„  and  the  cross-]  .oduct  tenns  E.„,F.„h. 
£/,/,£,„,.  etc . 

To  calculate  the  integrals  over  the  entire  region  bounded 
by  PQRS.  these  summations  are  added  over  all  the  cells 
in  PQRS.  The  housekeeping  involved  in  the  summation 
process  is  very  complex,  and  the  following  scheme  is  used 
to  simplify  the  same.  As  shown  in  Fig.  4.  corresponding 
to  a  grid  point  G.  eight  nearest  neighbors  are  defined  and 
denoted  by  their  directions.  In  terms  of  the  lield  values  at 
the  nearest  neighbors,  the  summation  over  all  four  cells 
involving  the  field  FaG)  at  point  G  [from  (27)]  is  ex¬ 
pressed  as 


X  1  1  £  ‘  dx '  dy ' 

xqiurvN  J  J 

lontjinmir  -S»i 
point  (j 


h~  ! 

=  —  £(  G ) ;  8£'( G )  + 
1 «  1 


2  £'(£•)  -f  2  At  ,V ) 


+  2  £’(»')  4  2  FAS)  +  -  £(.V£  )  -  '  At.VU  ) 

S  "1 

I  I  I 

*-  £(.S'lt  )  +  -  Fa  SF.  >  1 .  1 2‘)  i 

F.quation  (29i  indicates  that  the  expressions  for  /  and  ./ 
only  have  square  terms  lA(i )  and  cross-product  terms 
lAG  )  £(.\  ),  IaG  )  £(.VH  ).  etc  Therefore.  /  and  J  can  be 
expressed  in  quadratic  forms  given  b\ 

/  =  f'a  r  1 30) 


where  A  and  B  are  real  symmetric  matrices  and  U  is  a 
vector  containing  the  values  of  the  field  at  the  grid  points, 
i.e. . 


U  =  1  £ ( 1 ) .  £(2).  ■  •  •  .  £(  196)] T. 

Now  X  is  expressed  from  ( 16)  as 

X  =  l!J  =  (UT AU )!(U'  BU ).  (32) 

For  giv  en  matrices  -1  and  B.  \  is  a  function  of  the  vector 
U  and  its  stationary  value  X*  is  given  by  the  condition 


(33) 


Differentiating  (32)  and  substituting  in  (33).  we  get 

AU  =  K*  BU.  (34) 

Premuliiplving  both  sides  of  (34)  by  B~l.  we  get  a  ma¬ 
trix-eigenvalue  equation 

<B~'A)U=\*U.  (35) 


For  a  given  set  of  waveguide  parameters,  namely,  the  in¬ 
dex  profile /(.t '.  y')  and  the  V  number,  the  matrices  A  and 
B  are  found  by  evaluating  the  summations  for  the  func¬ 
tions  /  and  J  as  outlined  before.  Then  X*  is  found  bv  cal¬ 
culating  the  eigenvalues  of  the  matrix  (£_l  A)  and  (22)  is 
used  to  calculate  h  from  X*. 

(B  ,-f)  is  a  (196  x  196)  matrix,  and  therefore  has  196 
eigenvalues.  We  are  interested  in  finding  onlv  those  ei¬ 
genvalues  which  correspond  to  the  mode  propagation  con¬ 
stants.  Since  0  <  b  <  1.  from  (22)  we  see  that  the  onlv 
values  of  \*  that  lie  betw'een  0  and  V~  correspond  to  the 
modes  of  the  waveguide. 

For  numerical  compulation  of  the  eigenvalues  of  a  ma¬ 
trix.  simple  algorithms  are  available  to  tind  the  largest 
eigenvalue,  such  as  the  power  method.  This  method  can 
be  modified  to  find  the  eigenvalues  between  the  range  0- 
V-  as  follows. 

In  general,  for  any  matrix  .4.  if  //,.  /x,.  •  •  •  .  arc¬ 
us  eigenvalues  with  eigenvectors  U,.  (A.  •  •  •  .  i\. 

then  the  matrix  (.-I  -  ml)  1  has  the  same  eigenvectors 

coriesponding  to  the  eigenvalues  (jq  —  in)  '.  and  hence 
the  power  method,  applied  to  (A  —  ml)  l,  converges  to 
the  eigenvalue  (/it  —  in)  \ 

From  the  physical  considerations,  a  reasonable  estimate 
of  the  value  of  b  is  available  for  a  given  waveeuidc.  For 
example,  the  fundamental  TE  mode  has  its  h  closest  to  I 
compared  to  any  other  mode. 

Ihus.  the  eigenvalue  X*  can  be  estimated  as 

X*.,  =  l’  l\ ,|  (36) 

and  this  estimated  value  of  X*  is  used  in  the  modified 
power  method.  I  he  algorithm  can  handle  arbitrary  aspect 
ratios  as  follows. 

Consider  the  integral  /  as  given  by  (12).  It  can  be  re- 
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written  as  the  sum  of  three  integrals  so  that 


/> 


v' )  E~  d.x'. 


dx ' 


2 

r 


Now  each  of  these  integrals  is  expressed  in  a  quadratic 
form,  so  that  the  matrix  A  in  (30)  can  be  expressed  as  the 
sum  of  three  matrices: 


1 

A  =  A, - ;  .4,  -  .4,  (38) 

r~ 


where  ,4,,  A.,  A,  correspond  to  integrals  on  the  right-hand 
side  of  the  equation. 

Note  that  ( 1  /r* )  appears  as  a  scalar  which  multiplies 
A;.  and  as  a  result,  no  reformulation  of  matrices  4,.  A;., 
Ay  is  needed  when  the  aspect  ratio  r  is  changed.  This  per¬ 
mits  the  method  to  consider  arbitrary  changes  in  aspect 
ratios  without  any  additional  reformulation.  As  a  result, 
the  aspect  ratio  can  be  read  as  an  input  datum  by  the  al¬ 
gorithm. 

The  steps  involved  in  the  algorithm  are  given  as  fol¬ 
lows. 

1)  Read  the  values  of  the  V  number,  aspect  ratio  r.  and 
an  estimate  of  b. 

21  Read  the  index  profile  fix',  v’ )  at  grid  points. 

3)  Set  up  matrices  A  and  B. 

4)  Calculate  B  ~ 1  A. 

5)  Apply  the  power  method  to  find  X.  the  eigenvalue 
and  V.  the  eigenvector  of  B  ~  1 A . 

6)  Calculate  b. 

7)  Print  the  values  of  £(.v’,  y ' )  at  the  grid  points  (the 
field  profile)  and  the  value  o (  b  (the  normalized  propaga¬ 
tion  constant). 


v 

Fiji.  5.  h-V  characteristics  comparison  between  variations  I -diiFercnce 
method  and  Marcatili's  method  lor  an  asx mmetrical.  step  index  channel 
waveguide  with  the  aspect  ratio  r  -  1. 
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Fig.  b.  b-V  characteristics  comparison  between  v anational-diU'erence 
method  and  Marcatili's  method  tor  an  as>  mmetrical.  step  index  channel 
waveguide  with  the  aspect  ratio  r  -  2. 


III.  Verification  and  Case  Studies 

The  algorithm  is  coded  in  Fortran.  The  main  program 
reads  the  index,  sets  up  the  A  and  B  matrices,  and  calls 
separate  subroutines  for  matrix  inversion  and  eigenvalue 
estimation.  We  illustrate  our  results  for  the  quasi-TE 
modes  only.  This  is  convenient  because  the  first  eigen¬ 
value  determined  always  corresponds  to  that  of  the  TE 
mode  since  the  b  value  for  the  quasi-TE  mode  is  always 
larger  than  that  of  the  quasi-TM  mode  for  a  given  V  value. 
Double  precision  arithmetic  is  used  to  keep  the  numerical 
errors  in  the  matrix  inversion  as  small  as  possible. 

To  verify  the  accuracy  of  our  variational-finite  dilier- 
ence  method,  a  specific  asymmetrical  step  index  channel 
waveguide  (;ich,,nni.,  =  1 .05  x  «suh,Irjll. )  is  considered.  For 
this  w  avelength,  the  h-  V  characteristics  have  alrcadv  been 
presented  by  Marcatili  |2).  Figs.  5  and  6  show  the  results 
for  aspect  ratios  r  =  I  and  2.  respectively.  Ii  is  seen  dial 
the  results  are  in  excellent  agreement,  establishing  the  va¬ 
lidity  of  the  variational-fimte  difference  method.  The  re¬ 
sults  of  the  variational-finite  difference  method,  however, 
arc  useful  for  any  arbitrary  aspect  ratio  anil  index  profile 


The  algorithm  is  executed  on  Harris  800  minicomputer. 
Due  to  the  limited  computer  time  and  memory  capacity  , 
a  14  x  14  grid  is  chosen  (us  shown  in  Fig.  2).  Execution 
on  a  mainframe  computer  will  make  it  possible  to  choose 
a  larger  grid  size  and  thus  improve  the  results  near  cutoff. 
There  arc  no  inherent  limitations  to  the  accuracy  of  this 
method. 

As  an  additional  verification,  the  method  is  applied  to 
channel  waveguides  with  a  very  large  aspect  ratio  (r  = 
100)  to  simulate  planar  waveguides  of  two  index  profiles, 
namely .  the  Gaussian-Gaussian  and  the  crfc-Gaussiun 
profiles.  The  b-l  characteristics  of  these  laree  aspect  ratio 
channel  waveguides  should  approach  those  of  planar 
waveguides  with  the  corresponding  index  profiles  in  the 
depth  direction.  The  h-V  characteristics  for  the  planar 
waveguides  are  calculated  by  the  numerical  integration  of 
the  normalized  mode  dispersion  equation  II'']  Fie.  7 
shows  the  comparison  between  the  />-!'  characteristics  of 
the  TE(I  mode  tor  the  channel  waveguides  and  the  fun¬ 
damental  mode  mi  =  0)  lor  the  planar  wavecuidcs  The 
excellent  agreement  as  seen  trom  f  ig  7  gives  an  advli- 
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Fig.  7.  Compa'ison  between  the  b-l'  characteristics  of  the  fundamental 
iquasi  TEn  )  mode  of  the  channel  waveguide  and  the  fundamental  mode 
(TE„ )  of  the  planar  waveguides  for  large  aspect  ratios  The  curves  are 
plotted  for  r  —  100. 


Fig  8.  b-  V characteristics  for  the  first  three  (TE, , .  TE, and  TEs,  )  modes 
for  the  Gaussian-Gaussian  profile  and  r  =  I. 

tional  confirmation  for  the  validity  of  the  variational-finite 
difference  method. 

We  present  the  normalized  propagation  characteristics 
of  diffused  channel  waveguides  of  practical  interest,  viz. 
the  Gaussian-Gaussian  and  the  erfc-Gaussian  profile. 
These  profiles  are  realistic  in  the  case  of  titanium  diffu¬ 
sion  [16]  in  LiNbO,  and  Ag  +  -Na*  (or  any  other  set  of 
species)  ion-exchanged  glass  waveguides  [  1 7 j .  For  the 
Gaussian-Gaussian  function,  the  profile  can  be  approxi¬ 
mated  by 

fix',  >■')  =  ’.  (39) 

For  ion  exchange  in  glass,  the  profile  can  be  approxi¬ 
mated  by  the  erfe  Gaussian  function  given  by 

fix',  y')  --  e~y'  erfc  Gr (40) 

The  variational-finite  difference  method  is  applied  to 
these  profiles  for  calculating  the  b-  V  characteristics  of  the 
first  three  modes  (i  c  .  TE, ,.  TE,  ,  and  TE-,  modes).  Figs. 
8  and  9  show  the  results  for  the  Gaussian  -  Gaussian  profile 
for  the  aspect  ratios  of  1  and  2,  respectively.  As  seen  in 
Fig.  8,  the  TE.,  and  TE,:  modes  for  the  Ga  assian-Gauss- 


v 

Fig.  9.  b- L characteristics  forthe  first  three  (TEn.  TE,:.  and  TE:,  \  modes 
for  the  Gaussian-Gaussian  profile  and  r  =  2. 


®  w  »  •  •  o 


r  •  1 
V  -  7 


Fig  10  Normalized  modal  field  profile  for  the  fundamental  mode  tor  the 
Gaussia..  GausMjn  profile.  r  =  1  and  1=7 

ian  profile  are  almost  degenerate  w  hen  the  aspect  ratio  is 
1. 

We  now  describe  the  calculation  of  the  normalized  field 
profiles  in  graded  index  channel  waveguides.  We  hav  e  cal¬ 
culated  the  eigenvalues  of  matrix  (S"'a)  to  find  b.  Since 
the  elements  of  vector  U  are  the  field  amplitudes  at  the 
grid  points  |i.e.,  E(  I ),  E(2)  ■  ■  ■  E{  196)|.  the  eigenvector 
of  IB  '  A)  associated  w  ith  the  X*  corresponding  to  a  mode 
gives  the  values  of  the  modal  field  distribution  E(.t\  v  ’) 
at  the  grid  points.  In  our  calculations,  we  present  contours 
for  two  different  aspect  ratios,  viz.  r  =  I  and  2.  These 
contour  plots  can  find  applications  in  the  design  of  wave- 
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Fig.  11.  Normalized  modal  field  profile  for  the  fundamental  mode  for  the 
Gausstan-GausMan  profile,  r  —  2  and  V  ~  5. 


V 

Fig.  12  h-V  characteristics  ol  the  first  three  modes  lor  the  ertc-Gaussian 
profile  and  r  -  l . 
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Fig.  13.  h-V  characteristics  ol  the  first  three  modes  lor  the  erfc -Gaussian 
profile  and  r  -  2. 


guide-waveguide  and  waveguide-fiber  couplers  since  the 
coupling  coefficient  (in  butt  coupling)  depends  upon  the 
overlap  of  modal  field',  of  the  individual  channel  or  fiber 
waveguides. 

Fig.  10  shows  the  normalized  model  field  profile  and 
contours  of  such  a  channel  waveguide  with  r  -  1  for  the 
fundamental  mode  when  the  first -order  hshrid  mode  TEr 


r  -  1 
V  -  9 


Fig.  14  Normalized  modal  field  contours  lor  the  fundamental  mode  tor 
the  erK  -Gaussian  profile,  r  =  1  and  1=9 

is  just  at  cutoff' corresponding  to  a  V  value  of  7.  Similarly. 
Fig.  1  1  shows  the  fundamental  mode  profile  for  r  =  2  and 

V  —  5  with  TE|;  barely  propagating. 

When  the  aspect  ratio  is  increased  to  2.  as  expected, 
the  TE,:  mode  propagates  w  ith  a  higher  propagation  con¬ 
stant  compared  to  that  of  the  TE:,  mode.  Similar  results 
for  b- V  characteristics  of  the  erfc-Gaussian  profile  for  r 
=  1  and  2  arc  plotted  in  Figs.  12  and  13,  respectively. 
The  cutoff  V  numbers  for  the  modes  of  an  erfc  -Gaussian 
profile  are  higher  than  those  of  the  corresponding  modes 
of  the  Gaussian-Gaussian  profile  (with  the  same  aspect 
ratio).  This  behavior  is  also  observed  in  asymmetric  planar 
graded  index  waveguides  [111.  1 1 5  [ . 

As  before,  normalized  modal  field  contours  and  the 
profiles  as  a  function  of  x'  and  y’  are  also  presented  for 
the  fundamental  modes  in  Figs.  14  and  15  for  the  case  r 
=  1.  V  =  9  and  r  =  2.  V  =  6.  respectively,  which  cor¬ 
responds  again  to  the  case  when  the  next  higher  order 
mode  TE,:  just  begins  to  propagate. 

These  h-V  curves  and  modal  field  distributions  arc  use¬ 
ful  in  the  design  of  directional  couplers,  Mach-Zohnder 
interferometers,  sensors,  and  switches  as  well  as  scores 
of  other  components  which  require  ditVuscd  channel 
waveguides.  Although  these  curses  are  not  quite  accurate 
wm  cutoff,  they  give  an  accurate  estimate  of  the  range  of 

V  over  which  the  waveguides  arc  single  mode.  The  ac¬ 
curacy  near  cutoff  can  be  increased  by  increasing  the  ma¬ 
trix  size  and  computation  time.  The  knowledge  of  prop¬ 
agation  characteristics  fur  aw  as  from  cutoff,  however,  is 
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Fig.  15.  Normalized  modal  field  contours  for  ihe  fundamental  mode  for 
the  erfe-Ciaussiun  profile,  r  =  2  and  l  -  b 


essential  in  the  fabrication  of  certain  devices  (especially 
planar  Mach-Zehender  interferometer  sensors)  which  re¬ 
quire  well-euidcd  waveguides  with  only  one  propagating 
mode. 

IV.  Conclusion 

In  conclusion,  we  have  reported  a  variational-finite  dif¬ 
ference  method  for  analyzing  graded  index  channel  wave¬ 
guides  with  arbitrary  index  profiles  and  aspect  ratios.  The 
index  profiles  of  practical  interest  are  analyzed  using  this 
method,  and  the  resulting  h-V  characteristics  and  the  nor¬ 
malized  field  profiles  are  presented  as  case  studies. 
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WKB  Analysis  of  Planar  Surface  Waveguides  with 

Truncated  Index  Profiles 
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Abstract—  We  present  a  WKB  analysis  of  planar  surface  waveguides 
with  truncated  arbitrary  refractive  index  profiles.  It  is  shown  that  the 
phase  change  at  the  turning  point  on  the  substrate  side  approaches  zero 
near  the  cutoff .  The  validity  of  the  conventional  assumption  of  con¬ 
stant  phase  change  of  7 r/2  at  the  turning  point  is  investigated,  and  the 
consequent  errors  near  the  mode  cutoffs  are  analyzed  for  index  profiles 
of  practical  interest. 


THE  WKB  method  has  been  extensively  used  for  the 
calculation  of  propagation  constants  of  guided  modes 
in  optical  waveguides  [  1  ]  — 17] .  In  the  limit  of  slow  index 
variations  across  the  guiding  cross  section,  with  the  trans¬ 
verse  waveguide  dimensions  much  larger  than  the  wave¬ 
length.  this  method  predicts  the  propagation  characteris¬ 
tics  of  multimode  optical  fibers  [1]  with  reasonable 
accuracy.  In  the  case  of  a  step-index  planar  waveguide, 
the  method  gives  exact  results  independent  of  the  wave¬ 
guide  dimensions  (represented  by  the  V  parameter),  and 
the  derived  propagation  constant  values  (b  —  V  curves ) 
are  the  same  as  those  obtained  by  solving  the  wave  equa¬ 
tion  with  appropriate  boundary  conditions  [2|.  This  is  at¬ 
tributed  to  the  fact  that  in  the  case  of  the  step-index  planar 
waveguide,  exact  expressions  for  the  phase  change  for  the 
total  internal  reflection  at  the  cover  and  substrate  inter¬ 
faces  are  available  which  are  valid  regardless  of  the  prop¬ 
agation  constant  of  the  guided  mode  [3],  Motivated  by  the 
success  of  the  WKB  theory  in  step-index  planar  wave¬ 
guides.  researchers  have  applied  it  to  the  graded-index 
waveguides  |4]-[7],  in  this  approach,  it  is  generally  as¬ 
sumed  that  the  phase  change  2<b,  at  the  turning  point  on 
the  substrate  side  is  rr/2.  Moreover,  since  most  surface 
waveguides  have  air  as  the  surrounding  cover  medium, 
the  mode  cutoff  condition  is  determined  by  the  substrate 
refractive  index.  In  this  limit,  the  phase  change  upon  total 
internal  reflection  at  the  cover  surface  is  very  nearly  tt. 
With  these  assumptions,  b  -  V  curves  and  modal  fields 
have  been  calculated  |7)  for  graded-index  waveguides  and 
shown  to  be  in  agreement  with  exact  analytical  solutions 
for  parabolic  and  exponential  index  profiles  in  the  ease  of 
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large  V.  The  error  caused  by  assuming  a  constant  phase 
shift  of  7r  at  the  cover  surface  has  also  been  examined  [7], 
When  a  mode  is  buried  and  one  of  the  turning  points  lies 
near  the  film-cover  interface,  the  phase  change  upon  re¬ 
flection  at  this  turning  point  becomes  dependent  on  the 
propagation  constant.  In  this  case.  WKB  approximation 
has  been  shown  [5]  to  give  accurate  results  for  well-guided 
modes  provided  the  above  dependence  is  included  in  the 
analysis. 

In  this  paper  we  show-  that  although  the  approximation 
of  the  ir /2  phase  shift  at  the  turning  point  on  the  substrate 
side  is  acceptable  for  well-guided  modes  ( large  V ).  errors 
are  caused  in  the  calculated  propagation  constant  at  lower 
V-values.  particularly  near  the  cutoff.  This  problem  is  of 
paramount  importance  when  the  b  —  V  curves  are  used 
for  calculation  of  the  field  profile  of  guided  modes,  es¬ 
pecially  in  the  case  of  single-mode  waveguides.  Further¬ 
more.  since  the  b  -  V  curves  are  often  used  to  character¬ 
ize  the  planar  waveguides  for  the  diffusion  profile  [8],  |9] 
and  the  An  value  from  mode  index  measurements  [8]- 
[101.  any  error  in  these  curves  is  likely  to  give  erroneous 
results  for  the  waveguide  parameters.  The  quantitative 
evaluation  of  the  error  introduced  by  the  assumption  of  d, 
=  7t/4  for  modes  near  cutoff  was  first  alluded  to  in  [5] 
for  surface  waveguides  with  parabolic  profile.  It  was  sug¬ 
gested  that  the  correction  to  ©,  depends  on  the  first  deriv¬ 
ative  of  the  index  at  the  film-substrate  boundary  and  de¬ 
creases  as  the  mode  effective  index  approaches  the 
substrate  index,  i.e.,  as  the  mode  approaches  the  cutoff. 
However,  no  analysis  was  presented  to  understand  the  be¬ 
havior  of  6,  near  cutoff.  Recognizing  that  in  truncated 
profiles  the  phase  shift  2 <t>,  has  to  approach  zero  near  the 
mode  cutoff,  we  have  obtained  curves  for  ®,  as  a  function 
of  the  propagation  constant  by  using  the  WKB  theory  and 
comparing  it  with  b  —  V  curves  as  obtained  by  the  nu¬ 
merical  solution  of  the  wave  equation  using  the  finite  dif¬ 
ference  method  [12].  The  variation  of  ©,  is  shown  to  be 
directly  related  to  the  change  of  the  slope  of  the  refractive 
index  profile  near  the  substrate  interface,  and  the  quanti¬ 
tative  results  are  in  agreement  with  those  of  [5].  To  the 
best  of  our  knowledge,  this  is  the  first  report  which  con¬ 
siders  quantitative  variation  of  <t>,  in  the  cutoff  region  using 
the  WKB  approximation. 

Consider  the  truncated  graded-index  profile  «(: x  )  ol  the 
waveguide  as  shown  in  Fig.  1 .  The  curved  ray  trajectories 
make  an  angle  0(.r)  with  the.v-axis.  The  propagation  con¬ 
stant  (5  and  the  transverse  propagation  constant  *1.0  are 
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INDEX  PROFILE  RAY  PATH 


Fig.  1  Index  profile  and  the  my  trajectories  showing  the  parameters  used 
in  the  text 


given  by: 

0  =  k0n(x)  sin  0U)  (1) 

x(.r)  =  A0n(.v)  cos  0(.x )  =  \'k;,n:{.\  i  -  0:.  (2) 

Using  the  WKB  approach,  the  condition  for  the  TE„.  mode 
propagation  is  given  by  the  characteristic  equation  [2] 

\  k(.x)  dx  =  m-  -t-  o,  +  <p,  (3) 

do 


where  0C  is  one-half  the  phase  change  at  the  cover  sur¬ 
face.  The  expressions  for  o,.  and  o.  are  given  by  [3].  [6] 


0,  =  tan 


02  ~  kin; 

kin'  -  0: 


(4) 


and 

0:  -  kln:(.x,  +  6)  ' 
ik:0n:(x,  -  6)  -  0\ 

Upon  binomial  expansion  of  the  RHS,  the  above  equation 
becomes 


0,  =  lim  tan  2 

4-0 


'0,  =  lim  tan 

6-0 


At  the  turning  point 


(5) 


0(0 


7T 


2 


and 


0  =  kun(  a,). 


If  the  turning  point  x ,  is  “far"  from  the  substrate  inter¬ 
face.  the  wave  docs  not  “see"  the  discontinuity  in  the 
slope  of  the  index  profile  at  the  interface.  In  this  limit,  it 
has  been  shown  |6|  that  0,  =  rr/4  with  the  total  phase 
change  20,  =  r/2  at  the  turning  point.  T  iis  corresponds 


to  the  case  of  a  well-guided  mode  (0  -*  k0n,).  or  to  any 
mode  of  an  untruncated  profile  such  as  Gaussian  or  ex¬ 
ponential.  However,  in  truncated  profiles,  as  the  mode 
approaches  its  cutoff.  0  —  k0nb  and  x,  ->  film-substrate 
interface.  At  the  cutoff,  therefore,  the  slope  discontinuity 
forces  the  numerator  in  (5)  to  be  zero.  Thus  we  obtain  0, 
=  0  for  b  =  0  and  0,  =  ir /4  for  b  -*  1 . 

The  fact  that  ©,  is  zero  at  the  cutoff  is  not  surprising.  In 
the  case  of  an  asymmetric  step-index  waveguide,  the 
phase  change  at  the  substrate  interface  is  given  by 


0, 


tan 


la:  , :  :  1 1 /: 

I  0  -  k0nh 

t  kin 2  -  02_ 


which  approaches  zero  at  the  cutoff  Interpreted  differ¬ 
ently.  it  reflects  the  fact  that  as  the  ray  approaches  the 
critical  angle  of  incidence  at  the  interface,  the  phase 
change  drops  to  zero.  We  return  to  this  point  later  when 
we  discuss  the  case  of  a  buried  waveguide  with  a  sym¬ 
metric  profile.  For  the  sake  of  completeness,  we  also  write 
the  expression  for  0r  at  the  cutoff  point  for  the  asymmetric 
surface  waveguide  of  the  type  shown  in  Fig.  1: 

(<Hu«off  =  *an“’  ^  <6> 


where  aK  is  the  asymmetry  parameter  defined  by  1 2] : 


aE  = 


n~b  ~  nc 
-  n\ 


(7) 


For  an  ion-exchanged  glass  waveguide,  n,  =  1 .  n„  =  1.5 
and  /ij  —  1 .52  and  (8)  gives  0r  =  tan' 1  v’20.7  =  0.43  tr. 
In  LiNbCH  and  GaAs  based  waveguides,  0r  i>  larger  due 
to  the  higher  asymmetry  and  is  therefore  close  to  ir/2. 

In  dealing  with  waveguides,  it  is  convenient  to  write 
the  dispersion  relations  in  terms  of  the  normalized  fre¬ 
quency  Fund  the  normalized  propagation  constant  b  given 
b>  [2] 

V  =  kud\ln ;  -  ni  (8) 
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and 


h  = 


(";  -  ni) 


The  conclusion  that  the  phase  shilt  at  the  turning  point 
near  the  cutoff  goes  to  zero  can  also  be  reached  by  ana¬ 
lyzing  the  case  of  a  buried  waveguide  with  a  symmetric 
profile  with  x',,  and  .v/,  as  turning  points.  The  characteristic 
( lT'  equation  in  this  case  becomes 


Here  </  is  some  measure  of  the  diffusion  depth  depending 
on  the  profile. 

Now  let  us  write  the  characteristic  equation  (3)  in  terms 
of  the  normalized  parameters  [7).  We  write 

V  =  -■  (10) 


and 

/( -v '  )  =  (/l(.v’)  -  /!/,)/ Aw. 
Thus  (3)  for  the  case  An  «  nh  becomes 


I  !V/(.v')  —  h  dx'  =  M7T  +  0,  +  0,. 

Jo 

Let  us  consider  the  follow  ing  index  profiles: 

/(.»')  =  1  (step-index) 

=  <'"*  (exponential ) 

=  e~x '  ( Gaussian) 

=  1  -  v’:  (parabolic) 

=  1  —  v'  (linear). 


(11) 


(  12) 


13) 


From  (12).  assuming  o.  =  tt/2  and  O,  =  tr/4  [4)-[7J. 
we  eet  the  cutoff  condition 


:  [ 


V,.  \'/(.v'  I  dx'  =  mir  +  2  ir. 


( 14a) 


On  the  other  hand,  using  the  expression  for  0,  as  given 
by  (4)  and  using  0,  =  0  at  the  cutoff,  we  get 


( .v ' )  dx'  =  ;«7T  +  tan  1 

/ nj,  -  n;\ 

Jo 

V>(  -  'll ) 

(  14b) 


showing  that  the  error  in  the  cutoff  normalized  frequency 
Vt.  of  any  mode  is  given  by  ( j  7r  —  0.43  tr )/( J,Y  \lf(x‘ )  dx' ) 
for  the  ion  exchange  case  described  previously.  The  value 
of  the  integral  in  the  denominator  is  2,  \/ir/2.  7r/4,  and 
2/3  for  untruncated  exponential,  untruncated  Gaussian, 
parabolic,  and  linear  profiles,  respectively.  Thus  the  error 
in  V,  amounts  to  0.44.  0.70.  1.12.  and  1.32  for  the  four 
profiles,  respectively.  The  waveguides  of  practical  inter¬ 
est  have  a  Gaussian  or  an  LRFC  profile  or  a  combination 
of  the  two.  Therefore,  theoretically  0,  =  7r/4.  indepen¬ 
dent  of  h.  due  to  the  infinite  width  of  these  functions  (v,' 
=  oo  ).  However,  in  practice  the  diffused  waveguides  have 
truncated  profiles  and  the  function  f(.x' )  does  go  to  zero 
at  a  finite  distance.  Nevertheless,  the  errors  cited  above- 
will  not  change  significantly  due  to  the  truncation  of  these 
profiles  as  the  contribution  to  the  integral  on  the  LHS  of 
(14)  is  negligible  beyond  =5. 


j  fV/'U' )  -  b  dx'  =  /mr  +  20,.  (15) 

In  the  limit  b  — -  0.  it  is  required  that  for  the  fundamen¬ 
tal  mode,  the  cutoff  V  value  be  zero.  This  is  achieved  only 
if  0,  -*■  0. 

So  far  we  have  discussed  only  the  two  extreme  cases. 
b  =  0  and  b  -*■  1 .  The  picture  in  the  intermediate  range 
(of  practical  interest)  is  not  so  clear  and  exact  analytical 
expressions  for  6.  are  difficult  to  obtain.  In  order  to  over¬ 
come  this  problem,  we  have  numerically  calculated  the  b 
-  V  curves  for  the  step-index  and  all  the  four  graded- 
index  profiles,  using  the  finite  difference  method  [111.  The 
high  accuracy  of  the  finite  difference  method  was  checked 
by  comparing  the  calculated  b  -  V  curves  and  the  mode 
field  profiles  with  those  obtained  by  the  exact  analytical 
solution  of  the  characteristic  equation  derived  from  the 
field  continuity  conditions  in  the  case  of  step-index  and 
exponential  profiles.  We  have  observed  that  the  discon¬ 
tinuity  in  the  index  profile  does  not  appear  to  affect  the 
numerical  field  solutions  to  any  detectable  extent.  A  de¬ 
tailed  study  of  the  finite  difference  method  will  be  re¬ 
ported  elsewhere  |12|.  In  order  to  calculate  the  (j-depen- 
dence  of  0,.  0,  was  used  as  a  parameter  and  for  a  given 
b  its  value  was  chosen  to  be  that  which  gave  agreement 
with  the  b  —  V  curves  obtained  by  the  finite  difference 
method.  Fig.  2  shows  the  results  for  the  two  lowest  order 
modes  in  the  case  of  linear  and  parabolic  profiles.  It  is 
observed  that  for  b  values  down  to  0.5.  0,  remains  con¬ 
stant  and  equals  tr/4.  It  then  starts  decreasing,  reaching 
a  very  large  slope  near  b  ~  0.1.  and  approaching  zero  as 
b  —  0.  It  is  this  steepness  of  the  curve  for  lower  ^-values 
which  is  responsible  for  the  flatness  of  the  b  -  V  curves 
near  the  cutoff.  In  this  region,  therefore,  the  conventional 
WKB  gives  large  errors.  No  calculations  were  made  for  b 
<  0.01  as  a  very  large  number  of  grid  points  is  necessary’ 
to  give  accurate  results  in  the  finite  difference  method.  In 
practice,  the  mode  becomes  highly  attenuated  for/;  <  0.1 
and  the  cutoff  is  measured  at  higher  F-vaiues  than  those 
predicted  theoretically.  This  behavior  also  suggests  that 
the  b  —  V  curves  snould  be  used  with  caution  to  estimate 
the  theoretical  cutoff  values. 

A  lew  words  regarding  the  shape  of  the  curves  in  Fig. 
2  are  in  order  at  this  point.  In  particular.  (5)  predicts  an 
abrupt  drop  in  0,  from  7t/4  to  zero  at  b  =  0.  whereas  Fig. 
2  shows  a  gradual  decrease  in  0,.  The  explanation  of  this 
behav  ior  lies  in  the  proximity  of  the  turning  points  to  the 
film  -substrate  interface  given  by  ,v‘  =  I  for  these  profiles. 
The  positions  of  these  turning  points  lor  linear  and  para¬ 
bolic  profiles  are  given  by  v/  =  (  I  -  b)  and  v,'  = 

vt  -  /).  respectively .  The  corresponding  normalized  dis¬ 
tances  from  the  film-substrate  interface  are  b  and  1  - 
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o  8 


•  Linear  m  «=  1.2 

o  Parabolic  m  «  2 

&  Parabolic  m  -  1 


0.1  0.2  0.3  0.4  0.5  0.6 

b 

Fig.  2.  Phase  shill  dependence  on  the  propagation  constant. 


Vl  —  b.  respectively.  Thus  for  b  -  0.1,  these  distances 
are  of  the  order  of  wavelength  of  the  radiation,  and  the 
profile  slope  discontinuity  at  x'  =  1  therefore  is  likely  to 
influence  the  phase  shift.  As  h  decreases  further,  the  effect 
of  the  slope  discontinuity  is  larger,  causing  a  steep  decline 
in  the  <S,(b)  curve  shown  in  Fig.  2.  This  also  explains  the 
fact  that  for  a  given  b  value.  6,  for  the  linear  profile  is 
larger  than  that  for  the  parabolic  profile,  and  the  exact 
form  of  the  <t>,  versus  b  curve  depends  on  the  index  profile. 
The  larger  discrepancy  at  lower  /^-values  between  the  con¬ 
ventional  WKB  ( O,  =  7t/4)  and  the  analysis  presented 
here  is  in  contrast  with  the  results  of  |5)  where  the  error 
was  found  to  decrease  for  higher  order  modes  in  the  case 
of  the  exponential  profile.  This  is  related  to  the  fact  that 
in  [5]  <f>,  was  assumed  to  be  constant  (  =  7r/4 ),  which  is 
a  perfectly  valid  assumption  for  untruncatcd  profiles.  For 
the  case  of  an  unburied  parabolic  profile,  however,  the 
WKB  results  for  the  TE?  mode  in  [5|  show  an  error  similar 
to  that  discussed  here. 

Although  the  results  for  truncated  Gaussian  and  ERFC 
profiles  are  not  presented  here,  similar  behavior  ws  ob¬ 
served  in  these  cases.  For  untruncated  profiles,  on  the 
other  hand,  /( x' )  never  goes  to  zero  at  a  finite  value  of  jc' 
and  therefore  x,  for  any  mode  theoretically  occurs  well 
within  the  guiding  region.  Therefore  <f>,  remains  constant 
at  a  value  of  vr/4.  This  was  shown  qualitatively  for  the 
exponential  profile  even  for  the  cutoff  of  the  fundamental 
mode  [13],  This  is  consistent  with  the  requirement  that  c£>, 
go  to  zero  at  cutoff  only  when  the  turning  point  is  at  the 
discontinuity  of  the  slope  of  the  refractive  index,  where 
dn / dx  becomes  zero  beyond  the  turning  point  as  required 
by  (5). 

In  conclusion,  we  have  analyzed  the  error  in  the  con¬ 
ventional  WKB  theory  caused  by  the  assumption  of  a  con¬ 
stant  phase  shift  of  ir/2  at  the  turning  point  on  the  sub¬ 
strate  side  of  a  planar  graded-index  surface  waveguide.  It 
is  showm  that  in  untruncatcd  profiles  the  phase  shift  at  the 
turning  point  on  the  substrate  side  depends  on  the  propa¬ 
gation  constant  and  approaches  zero  at  the  cutofT.  The  ex¬ 
act  variation  of  the  phase  change  depends  on  the  index 
profile. 


References 

11)  D.  Glogc  and  E.  A  J  Marcatili.  "Multimode  theory  of  gradcd-core- 
fibers."  Bell  Syxt.  Tech.  J..  vol.  52.  p.  1563.  1973. 

12)  H.  Kogelmk  and  V.  Ramaswamy.  "Scaling  rules  for  thin  film  optical 
waveguides.*’  Appl.  Opt.,  vol.  13.  p.  1857.  1974. 

13)  P.  K  Tien.  "Light  waves  in  thin  films  and  integrated  optics."  Appl. 
Opt.,  vol.  10.  p'  2395.  1971. 

{4 J  A  Gedeon.  "Comparison  between  rigorous  theory  and  WKB  analysis 
of  modes  in  graded-index  waveguides."  Opt.  Commun..  vol.  12.  p. 
329.  1974. 

(5)  J  Junta  and  J  Ctyroky.  "On  the  accuracy  of  WKB  analysis  ot  TE 
and  T.M  modes  in  pianar-graded-index  waveguides."  Opt.  Commun.. 
vol.  25.  p.  49.  1978. 

J6)  G.  B  Hockcr  and  W.  K.  Bums.  "Modes  in  diffused  optical  wave- 
euides  ot  arbitrary  index  profiles."  IEEE  J.  Quantum  Electron.,  vol 
QE-11.  p.  270.  1975. 

J7]  R  V  Ramuswamy  and  R.  K.  Lagu.  "Numerical  field  solution  for  an 
arbitrary  asymmetrical  graded-index  planar  waveguide."  J  Light¬ 
wave  Tech.,  vol.  LT- 1 .  p.  408.  1985. 

1 8]  R.  K.  Lagu  and  R.  V.  Ramaswamy.  "Process  and  waveguide  param¬ 
eter  relationships  for  the  design  of  planar  silver  lon-diflused  glass 
waveguides."  J.  Lightwave  TechnoL.  vol.  LT-4.  p  176.  1986. 

(9)  S.  I  Najafi  and  R.  V.  Ramaswamy.  "Ag" -diffused  graded-index  glass 
waveguides.  Diffusion  and  modal  characterization,"  presented  at 
Gradient-Index  Optical  Imaging  Systems  Conf..  Palermo.  Italy .  Sept 
1985. 

|I0]  G.  C.  Yip  and  J.  Albert.  "Characterization  of  planar  optical  wave¬ 
guides  by  K’-ion  exchange  in  glass."  Opt.  Lett.,  vol.  10.  p  151. 
1985. 

Ill]  E.  Schwcig  and  W.  B.  Bridges,  "Computer  analysis  of  dielectric 
waveguides:  A  finite-difference  method,"  IEEE  Trans.  Microwave 
Theory  Tech  .  vol  MTT-32.  p.  531.  1984. 

(12)  R.  V  Ramaswamy.  E  Rodrigues,  and  R.  Snvastava.  "Normalized 
hnite-diflerence  solutions  to  symmetrical  and  asymmetrical  arbitrary 
graded-index  slab  waveguides."  unpublished. 

(13|  E  M.  Conwell.  "WKB  approximation  for  optical  guide  modes  in  a 
medium  with  exponentially  vary  ing  index."  J.  Appl.  Phys..  vol.  46. 
p.  1407,  1975. 

* 


Ramakant  Srivastava  was  bom  in  Hardoi.  Uttar 
Pradesh  India,  on  January  12.  1943  He  received 
the  B.Sc.  degree  from  Agra  University  in  1961 
and  the  M  S  and  Ph.l)  degrees  in  physics  from 
Indiana  University .  Bloomington.  IN.  in  1969  and 
1973.  respectively  His  doctorial  thesis  was  re¬ 
lated  to  Raman  study  of  phase  transitions  in  Iran 
sition-metal  oxides. 

In  1974  he  mined  the  State  University  of  Cam¬ 
pinas  (UNICAMPi.  Brazil,  as  an  Assistant  Pro 
lessor  where  he  has  taught  and  conducted  research 


?7P 


SRI  V  ASTAVA  «/  ui  ANALYSIS  OF  SURF AC K  WAVfrGUlDl-S  WITH  IKUNCAU.D  lMif.A  I'KOMU  S 


in  R Jinan  and  infrared  spectroscopy  of  solids,  optical  libers,  and  nonlinear 
optics  From  1 478  10  1484  he  was  Manager  of  (he  Optical  Fiber  Protect  at 
UNICAMP.  In  19X5  he  became  Associate  Professor.  Fie  visited  the  Na¬ 
tional  Bureau  ot  Standards.  Boulder.  CO.  from  June  14X4  to  March  1 4X5 
and  presently  he  is  a  visiting  Associate  Prolessor  at  the  University  of  Flor¬ 
ida.  His  research  interests  include  optical  libers,  integrated  optics.  lasers, 
and  nonlinear  guided  wave  optics. 

Dr.  Srivastava  is  a  member  ot  the  Optical  Society  ol  Ameiica  and  SP1F-. 


* 


C.  K.  Kao,  photograph  and  biograph)  not  available  at  time  ot  publication 

* 


Ramu  V.  Raniaswamv  tM‘62-SM'8()>  was  bom  in  Madras.  India,  in  June 
1938.  He  received  the  BS  degree  in  phvstcs  trom  Madras  l niversjty. 
Madras.  India  in  ly?".  and  the  diploma  L>  M  l  T.  »n  electronics  engineer- 


me  trom  Madras  Institute  of  Technology,  Chro- 
nicpct.  Madras.  India,  in  1460.  He  received  the 
M  S  and  I’li  I)  degrees  m  electrical  engineerin'.: 
trom  Northwestern  University,  Evan don.  1L.  in 
1963  and  1469.  respectively  His  doctoral  work 
consisted  ot  wave-propagation  studies  in  semi¬ 
conductor  plasmas. 

From  1962  to  1965.  he  served  a>  a  Member  ot 
the  Research  Department  ol  Zenith  Radio  Cor 
poration.  Chicago.  IU,  working  on  solid  state  par 
jmetnc  amplifiers  and  microwave  components  In 
1964.  he  joined  Bell  Laboratories.  Craw  lord  Hill  Laboratory.  Holdmel. 
NJ.  where  he  was  engaeed  in  research  in  tlun-lilm  optical  devices,  polar¬ 
ization  etlects  m  single-mode  hbers.  and  liber-waveguide  couplers.  Since 
I4S I .  he  has  been  a  Professor  in  the  Department  of  Flectncji  Fngineering. 
Univenstv  ot  Florida.  Gainesville,  where  his  current  interests  include  pas¬ 
sive  integrated  optical  devices,  fiber-optic  sensors,  and  optoelectronic  dc- 
v  ices. 

Dr.  Ram.isujmv  is  currently  the  Director  ot  a  University  w  ide  interdis 
cipimary  program  known  a>  MICROF  ABRITCH  which  w  ill  emphasize  both 
the  lundamentdi  and  engineering  aspects  in  the  research  and  development 
ol  novel  lavered  materials  and  structures  for  optical  and  high-speed  elec 
ironic  microcircuits  He  is  a  member  ot  Sigma  Xi 


279 


REFERENCE  [22] 


Wavelength-dependent  propagation  characteristics  of 
Ag+-Na+  exchanged  planar  glass  waveguides 

S.  I.  Najafi,  R.  Srivastava,  and  R.  V.  Ramaswamy 

Planar  glass  waveguides  fabricated  by  diffusion  of  silver  ions  in  soda-lime-silicate  glass  substrates  have  been 
characterized  bv  measuring  the  wavelength  dependence  of  propagation  constants  of  the  guided  modes.  The 
results  are  in  good  agreement  with  theoretical  prediction  obtained  by  an  accurate  WKB  analysis  using  a 
complementary  error  function  for  the  index  profile.  Cutoff  wavelengths  of  higher-order  modes  are  larger 
than  were  predicted  by  the  analysis  and  are  a  result  of  higher  attenuation  encountered  close  to  the  cutoff. 


I.  Introduction 

Glass  waveguides  fabricated  by  ion  exchange  in 
soda-lime  glass  have  assumed  an  important  role  in 
many  applications  such  as  optical  communicaton,  sen¬ 
sors,  and  more  recently  as  potential  candidates  for  use 
in  optical  signal  processing.  Different  ions,  e.g.,  Tl+, 
Ag+,  K  +  ,  have  been  diffused  in  glass  to  obtain  an 
adequate  graded-index  profile  to  achieve  guidance.1 
Each  of  these  ions  has  its  advantages  and  drawbacks. 
For  example,  Tl*  is  known  to  be  relatively  toxic,  Ag+  is 
susceptible  to  reduction  and  K+  provides  very  low 
index  changes.  Of  these,  we  have  extensively  studied 
incorporation  of  Ag*  by  ion  exchange  using  a  highly 
controlled  electrolytic  process-  for  release  of  Ag+  in  a 
molten  bath  of  NaNO:<.  Unlike  the  conventional 
methods  where  glass  substrates  are  immersed  in  mol¬ 
ten  AgNO;„  giving  rise  to  large  values  of  index  change 
at  the  surface  (An  ~  0.08),  this  ’chnique  allows  very 
low  concentrations  of  Ag+  in  the  bath.  Since  An  de¬ 
pends  on  Ag+  concentration,  the  lower  value  of  An 
obtained  is  helpful  in  controlling  the  V-number  of  the 
guide  because  the  diffusion  depth  can  then  be  in¬ 
creased  considerably  which  can  be  controlled  precisely 
by  diffusion  time  and  bath  temperature.  Single-mode 
guides  with  reproducible  characteristics  have  pro¬ 
duced  in  the  laboratory  using  this  process.  We  found 
Ag+  attractive  for  fabrication  of  planar  waveguides 
due  to  two  important  features:  it  is  possible  to  detect 
Ag+  using  the  backscattered  SEM  (scanning  electron 
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microscopy)  analysis  which  is  helpful  in  index  profile 
studies,  and  silver  rods  of  high  purity  are  commercially 
available  for  the  release  technique.  In  fact,  planar  and 
buried  slab  and  channel  waveguides  have  also  been 
fabricated  and  analyzed. M 

In  previous  work"-6  we  reported  detailed  studies  of 
Ag+-Na+  exchange  waveguides.  It  is  shown  that  the 
diffusion  profile  as  measured  by  the  SEM  technique 
closely  resembles  a  complementary  error  function. 
This  conclusion  was  confirmed  by  the  fit  of  the  index 
data  (index  profile  assumed  to  be  that  of  the  Ag+ 
diffusion)  to  the  measured  values  of  the  mode  index  for 
all  the  guided  modes.  This  was  performed  using  two 
fitting  parameters — the  diffusion  coefficient  D  and 
An.  Empirical  linear  relations  were  thus  obtained 
between  the  low  Ag+  concentration  and  the  corre¬ 
sponding  index  change  An.;> 

In  this  paper  we  report  the  results  of  the  measure¬ 
ment  of  the  mode  index  as  a  function  of  wavelength. 
The  data  are  then  fitted  to  the  b-  V  curves  as  predicted 
by  a  more  accurate  WKB  analysis  in  which  the  6- 
dependent  phase  change  at  the  turning  points  and  the 
cover  surface  are  included. '  The  only  fitting  parame¬ 
ter  used  is  An.  It  is  observed  that  for  all  the  guided 
modes,  the  data  give  a  much  better  fit  to  the  calculated 
b-  V  curves  for  the  erfc  index  profile  compared  with  the 
Gaussian  or  exponential  profile.  This  result,  con¬ 
firmed  by  our  previous  work,3'*5  supports  the  postula¬ 
tion  that  the  index  profile  is  a  complementary  error 
function  when  diffusion  takes  place  from  an  infinite 
source  and  is  in  sharp  contrast  to  the  reports  where  the 
mode  index  data  were  found  to  be  consistent  with 
Gaussian  or  a  polynomial8  profile.  It  is  also  observed 
that  cutoff  wavelengths  of  the  higher-order  modes  are 
larger  than  those  predicted  by  theory,  a  fact  consistent 
with  the  higher  attenuation  suffered  by  the  higher- 
order  modes  near  the  cutoff. 
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II.  Diffusion  and  Propagation  Characteristics 

The  diffusion  equation  in  the  case  studied  here  may 
be  written  as6 


where  C  is  the  concentration  of  the  silver  ion,  D  is  its 
self-diffusion  coefficient,  and  t  is  the  time  of  diffusion. 

The  solution  of  Eq.  (1),  subject  to  boundary  condi¬ 
tions  C(x,0)  =  0  and  C(0,t >  =  Co,  is  given  by 


Cu,f)  =  C0  crfc 


(2) 


where 


H’„  =  (3) 

erfcU)  =  -77  f  exp(— n~)da.  (4) 

\  7T  is 

Wo  is  called  the  effective  depth  of  diffusion  and  corre¬ 
sponds  to6 

C(lV0,r)  =  0.15?C0.  (5) 

Note  that  the  condition  C(0,f)  =  Co  assumes  an  inex¬ 
haustible  source  of  diffusing  ions.  Wp  depends  on  the 
self-diffusion  coefficient  D  which  in  turn  depends  on 
the  structure  and  composition  of  the  glass,  the  concen¬ 
tration  C0  and  the  diffusion  temperature.  For  small 
values  of  Co,  Eq.  (2)  represents  the  refractive-index 
profile 

n(x)  =  arc  erfc  ^  +  nb,  (6) 

where  An  is  the  refractive-index  change  at  the  surface 
and  «(,  is  the  substrate  index.  Since  direct-index  pro¬ 
file  measurement  using  optical  methods  in  planar 
waveguides  is  not  an  easy  task,  the  backscattered  SEM 
analysis  of  Ag+  concentration  in  glass  has  been  per¬ 
formed6  to  obtain  this  information,  at  least  for  low 


Fig.  1.  SEM  photograph  of  two  waveguides  epoxied  face  to  face. 
The  dip  between  the  two  waveguides  is  due  to  the  epoxy. 


concentrations.  For  low  values  ( — 10-4  MF  (mole  frac¬ 
tion))  of  Cp,  D  was  observed  to  increase  linearly  with 
Co-  For  given  values  of  temperature  T  and  C0,  the 
value  of  D  may  not  vary  much  from  one  glass  to  anoth¬ 
er.  This  is  shown  in  Fig.  1  which  is  a  SEM  photograph 
of  two  waveguides  made  in  identical  conditions  (same 
T,  Cp,  and  t)  with  Schott  8011  glass  (left)  and  a  Fisher 
microscope  slide  (right).  Although  the  difusion  depth 
ratio 


0  Fi»hfr 

gives  Cschoti/^Fisher  —  1-1  in  these  conditions,  the  re¬ 
fractive-index  change  for  the  two  glasses  is  very  differ¬ 
ent. 


*^rI  Schott 
■^Fisher 


(8) 


This  is  believed  to  be  due  to  the  compositional  varia¬ 
tion,  especially  different  Na+  concentrations  in  the 
glass.  Once  the  index  profile  is  determined,  the  prop¬ 
agation  characteristics  and  the  modal  field  profiles 
Ey(x)  for  the  TE  modes  can  be  calculated  by  solving 
the  wave  equation 

- f  +  [*5n-U> -d2]£,  =0  (9) 

dx‘ 


for  each  mode.  In  this  work  we  are  interested  in  the 
wavelength  dependence  of  the  propagation  constant  0 
for  each  mode.  This  can  be  calculated  by  the  WKB 
theory  which  involves  solving  Eq.  (9): 

vj  [/(*')  -  f>]l/2cfx'  =  +  |^jr,  (10) 

where  the  normalLed  frequency 

V  =  k0d  N  2r>h±n  (11) 

and  the  normalized  propagation  constant 

b  =  (jV2  -  n;)/(2n,,An)  =  - — —  ■  (12) 

An 


Here  N  =  0/Ko,  x'  =  x/d,  and  x ,  is  the  turning  point  on 
the  substrate  side  for  the  rays  representing  mode  m. 
f(x')  is  the  normalized  index  profile  given  by 


For  a  complementary  error  function  profile,  f(x’)  = 
erfc(x')  and  d  =  Wo-  For  Gaussian  exponential  pro¬ 
files  f(x')  is  exp(— x'-)  and  exp(— x'),  respectively,  and 
/(d)  =  1/e. 

Equation  (10)  assumes  that  the  phase  shift  is  —it  at 
the  cover  interface  and  —tt/2  at  the  turning  point. 
When  the  cover  material  is  air  and  the  mode  is  well 
guided  (6  — ►  1),  these  approximations  do  not  introduce 
large  errors  in  the  b-V curves.9  However,  it  is  expect¬ 
ed  that  the  phase  shifts  on  the  cover  as  well  as  on  the 
substrate  side  be  b  dependent.  If  these  considerations 
are  incorporated  in  the  WKB  equation,  the  exact  6-V 
curves  can  be  obtained.  We  have  verified  their  accu¬ 
racy  for  homogeneous  slab  waveguides  as  well  as  for 
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Fig.  2.  Schematics  for  measurement  of  wavelength  dependence  of 
the  mode  index. 


the  three  profiles  considered  here,  namely,  erfc,  Gauss¬ 
ian,  and  exponential,  bv  solving  Eq.  (9)  using  the  finite 
difference  method.7  Therefore,  to  analyze  our  data, 
we  have  used  these  more  accurate  b-V  curves.  These 
are  shown  in  Figs.  3-5  and  will  be  discussed  later. 

III.  Experimental 

The  fabrication  procedure  is  the  same  as  described 
earlier.2  The  results  reported  here  are  for  the  wave¬ 
guide  made  in  the  following  conditions: 

Ag+  concentration,  Co  =  4  X  10-4MF; 

Fabrication  temperature,  T  =  330°C;  and 

Diffusion  time,  t  =  45  min. 

For  optical  characterization,  the  waveguide  was  pol¬ 
ished  at  one  end  and  the  collimated  radiation  from  a 
monochromator  was  prism  coupled  as  shown  in  the 
schematics  in  Fig.  2.  It  was  possible  to  collimate  the 
beam  by  using  a  2-mm  diam  aperture  and  by  focusing 
the  beam  on  the  prism  using  a  40-cm  focal  length  lens. 
The  incident  beam  and  the  prism  coupled  output  visi¬ 
ble  radiation  could  be  seen  on  a  white  card  when  the 
room  lights  were  off.  The  angle  of  incidence  i  which 
the  incident  beam  makes  with  the  prism  normal  is 
related  to  mode  index  N  by  the  well-known  relation 

,V  =  np  sin  /t  +  sin-1  •  (14) 

where  np  is  the  prism  refractive  index  and  A  is  the 
prism  .ingle. 

The  angle  i  for  each  guided  mode  was  measured  by 
rotating  the  prism  table  until  maximum  power  was 
detected  in  that  mode  at  the  waveguide  exit  and  indi¬ 
cating  maximum  coupling.  The  output  power  was 
collimated  by  an  objective  lens,  detected  by  a  photode¬ 
tector,  and  monitored  by  a  lock-in  amplifier.  Mea¬ 
surements  were  repeated  five  times  for  each  mode  and 
at  each  wavelength  and  the  average  value  of  t  was 
chosen  for  calculation  of  N  using  Eq.  (14).  The  mode 
indices  were  measured  at  discrete  wavelengths  in  the 
500-1000-nm  region.  The  wavelength  dependence  of 
np  was  calculated  by  using  the  Sellmeier  coefficients 
provided  by  the  manufacturer  (Schott  SF-18  glass). 
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Fig.  3.  h-V  characteristics  for  the  complementary  error  function 
profile.  The  points  are  the  experimental  values  giving  the  closest 
agreement  to  theory. 


Fig.  3.  h-  i’  cur w-s  lor  the  Gaussian  profile  Points  show  the  ex 
perimental  data. 


2  B2 


As  will  be  seen  in  the  following  section,  a  complete 
analysis  of  our  data  requires  knowledge  of  the  wave¬ 
length  dependence  of  the  refractive  index  rib  of  the 
glass  substrate.  The  measurements  of  ru  were  carried 
out  at  the  wavelengths  of  interest  by  using  the  mono¬ 
chromator  and  an  Abbe  refractometer  whose  prism 
refractive  index  was  calculated  by  using  the  Sellmeier 
coefficients  furnished  by  the  manufacturer  of  the  in¬ 
strument  (Bellingham  &  Stanley,  Ltd.,  England). 
The  accuracy  of  these  measurements  was  ±1  X  10~4  in 
the  visible  and  ±5  X  10~4  in  the  infrared,  because  of  the 
faint  illumination  at  each  wavelength.  The  mono¬ 
chromator  slits  were  set  to  give  a  spectral  linewidth  of 
the  order  of  3  nm  in  each  case. 

IV.  Results 

Once  the  index  N  is  determined  using  Eq.  (14),  the  b 
parameter  can  be  obtained  from  Eq.  (12)  provided  An 
is  known.  On  the  other  hand,  the  corresponding  V 
value  for  the  respective  mode  also  requires  knowledge 
of  d,  which  was  obtained  from  the  SEM  data  for  the 
Schott  glass  in  Fig.  1  and  equals  5.7  pm.  An  was  thus 
the  only  parameter  which  was  varied  to  fit  the  mode 
index  data  to  the  calculated  b-V curves  for  each  index 
profile.5  For  each  wavelength,  the  measured  mode 
index  of  the  zero-order  mode  was  fitted  to  the  calculat¬ 
ed  b-V  curve  and  the  calculated  value  of  An  was  used 
to  determine  the  values  of  b  and  V  for  the  next  two 
higher-order  modes.  The  points  in  Figs.  3-5  corre¬ 
spond  to  the  b  values  for  this  value  of  An.  This  proce¬ 
dure  was  repeated  at  other  wavelengths.  It  can  be 
seen  that  the  complementary  error  function  profile 
matches  best  with  the  measured  data  for  all  the  guided 
modes.  The  agreement  between  the  theoretical 
curves  and  the  experimental  values  is  poorer  in  the 
case  of  exponential  and  Gaussian  profiles.  The  same 
conclusion  was  derived  by  fitting  the  SEM  data  and  is 
consistent  with  the  diffusion  equation  solution  for  the 
case  where  the  supply  of  Ag+  is  inexhaustible,  as  is  the 
case  here.  This  result  which  agrees  very  well  with  our 
previous  work,'1-45  however,  is  in  sharp  contrast  with  the 
K+  diffusion  where  the  data  have  been  shown  to  fit  well 
to  the  Gaussian  profile.8  A  few  comments  about  the 
experimental  points  near  the  cutoff  are  in  order.  In 
this  region,  the  data  points  in  Fig.  3  lie  below  the 
theoretical  curve  for  the  TEt  and  TE.>  modes  whereas 
in  Figs,  -t  and  5  there  is  no  such  trend.  The  behavior  of 
the  experimental  points  near  the  cutoff  in  Fig.  3  can  be 
reasonably  expected  on  the  basis  of  premature  leakage 
of  the  mode  :  rom  the  guiding  region  due  to  presence  of 
defects  in  t..v  waveguide,  especially  at  the  cover  sur¬ 
face.  Similar  effects  have  been  observed  in  single¬ 
mode  optical  fibers10  where  microbending  or  curvature 
of  the  fiber  shifts  the  higher-order  mode  cutoff  to 


shorter  wavelengths.  In  fibers,  however,  this  effect  is 
highly  accentuated  due  to  the  much  larger  propagat  ion 
lengths  involved.  It  must  be  noted,  however,  that  the 
cutoff  values  thus  measured  depend  on  the  criterion 
used  for  defining  the  cutoff  point,  whereas  in  optical 
fibers  standard  procedures11  have  been  agreed  on  for 
defining  the  cutoff  wavelength,  no  such  criteria  are 
available  for  planar  or  channel  waveguides.  Finally, 
we  recently  became  aware  of  a  similar  measurement  of 
the  cutoff  wavelength1-  in  LiNbO.t  waveguides. 

We  gratefully  acknowledge  the  support  of  Don  Ul¬ 
rich  and  AFOSR  contract  AFOSR  84-3069. 
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Symmetrical  buried  waveguides  with  fiberlike  refractive  index  profiles  using  Ag4-Na  *  exchange 
have  been  realized  in  soda-lime-silicate  glass  substrates.  A  simple  scanning  electron  microscope 
technique  to  determine  the  silver  ion  (refractive  index)  profile  is  also  reported. 


Optical  waveguiding  layers  on  planar  substrates  are  use¬ 
ful  for  making  a  variety  of  integrated  optical  devices.  Most  of 
the  work  so  far  has  been  carried  out  by  using  titanium  indif- 
fusion  in  lithium  niobate  leading  to  the  successful  fabrication 
of  directional  couplers,  modulators,  and  switches.1  One  of 
the  problems  with  diffusion  of  Ti  into  LiNbO,  is  that  the 
electric  field  cannot  be  applied  to  enhance  the  diffusion  pro¬ 
cess.  Asa  result,  Ti:LiN'bO,  waveguides  are  shallow  |  ~  2/rm 
deepl  and  channel  waveguides  of  narrow  widths  couple 
poorly  to  single  mode  fibers  due  to  significant  modal  mis¬ 
match.  3  Glass  waveguides,  on  the  other  hand,  are  compati¬ 
ble  with  optical  fibers  and  are  useful  in  the  fabrication  of 
passive  devices  needed  for  systems  applications. 

Recently,  an  ion-exchange  technique  has  been  used  to 
fabricate  graded  index  surface  and  buried  waveguides  in 
glass3  utilizing  a  two-step  field-assisted  diffusion  process.  In 
this  process,  soda-lime-silicate  glass  slides  are  immersed  in  a 
salt  bath  containing  a  mixture  of  molten  sodium  nitrate  and 
silver  nitrate.  Initially,  a  surface  waveguide  is  formed  by  a 
field-assisted  diffusion  of  silver  ions  into  the  glass  substrate. 
This  is  followed  by  a  second  field-assisted  diffusion  with  the 
sample  immersed  in  pure  sodium  nitrate.  The  index  profile 
of  buried  waveguides  produced  in  this  manner  is  skewed3 
and  is  significantly  different  from  that  of  single  mode  fibers 
which  have  nearly  parabolic  index  profiles.  In  this  letter  we 
present  a  procedure  for  fabricating  symmetrical  buried 
waveguides  which  are  comparable  in  shape  and  size  to  the 
core  of  single  mode  fibers.  In  addition,  a  simple  but  precise 
scanning  electron  microscope  (SEM)  technique  to  charac¬ 
terize  the  silver  ion  distribution  and  hence  the  refractive  in¬ 
dex  profile  is  reported.  In  the  two-step  diffusion  procedure, 
the  diffusion  time  and  the  applied  field  in  each  of  the  two 
steps  are  two  of  the  important  parameters  that  control  the 
dimensions  and  the  index  profile  of  a  buried  waveguide.  In 
the  previously  reported  process’  an  applied  field  in  the  range 
of  30-100  V/mm  was  used.  In  our  experiments,  initial  field- 
assisted  diffusion  of  silver  ions  was  carried  out  for  30  min  at 
330  °C  under  a  field  of  45  V/mm  with  the  concentration  of 
silver  ions  equal  to  0.1  wt.  %  of  NaNO,.  It  was  then  fol¬ 
lowed  by  a  second  field-assisted  diffusion  in  pure  sodium 
nitrate  for  30  min  under  the  same  field,  viz.,  45  V/mm.  This 
results  in  a  steplike  waveguide.  Fig.  1(a),  which  when 
buried  gives  a  skewed  index  profile.  F  ig.  1(b).  These  results 
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agree  with  profiles  of  buried  waveguides  aleady  reported  in 
literature.’ 

The  technique  frequently  used  for  measuring  silver  ion 
concentration  in  glass  waveguides  is  either  sputter-etched 
SEM’  or  electron  microprobe  analysis,4  which  are  quite  ex¬ 
pensive  and  are  not  available  at  our  university.  We  have  in¬ 
vestigated  an  alternative  technique  that  uses  backscattered 
electrons  in  a  scanning  electron  microscope  to  determine  the 
silver  ion  concentration  profile.  The  sample  is  bombarded  by 
an  accelerated  electron  beam  in  a  SEM  with  an  accelerating 
voltage  in  the  range  of  20-50  k V.  The  sample  generates  two 
types  of  electrons,  namely,  secondary  electrons  and  back- 
scattered  electrons.  The  secondary  electrons  are  low-energy 
electrons  (  <  50  eV|  usually  coming  from  the  surface  layer  of 
the  sample  (  <  500  A  for  the  insulatorsl,  which  contain  the 
information  about  the  surface  topography  The  back- 
scattered  electrons,  which  have  higher  energies  ( >  100  eV|, 
provide  the  information  about  sample  composition.  The 
yield  of  the  backscattered  electrons  increases  monotonicallv 
with  the  atomic  number  of  the  specimen.'  w  hile  that  of  the 
secondary  electron  is  relatively  insensitive  to  the  sample 
composition. 

In  ion-exchanged  glass  waveguides,  the  substrate  mate¬ 
rial  usually  contains  ions  such  as  Na  * ,  Si4  * ,  O  “  ” ,  Ca  '  * , 
etc.,  while  the  waveguiding  region  contains  silver  ions  in 
addition  to  the  above.  Since  the  atomic  weight  of  silver  is 
much  higher  than  that  of  the  rest  of  the  ions,  the  contribu¬ 
tion  of  silver  ions  to  the  yield  of  backscattered  electrons  is 
maximum.  Thus,  if  we  scan  the  end  face  of  an  ion-exchanged 
waveguide  using  the  SEM.  it  is  possible  to  obtain  a  good 
estimate  of  the  silver  ion  concentration  and  hence  the  index 
profile  by  looking  at  the  backscattered  electron  intensity 
profile. 

The  yield  of  the  backscattered  electrons  is  somewhat 
dependent  on  the  microscopic  variations  on  the  surface  of 
the  sample  relative  to  the  incident  electron  beam  and  there¬ 
fore,  it  is  important  to  have  a  smooth  surface  to  avoid  back¬ 
ward  contribution  due  to  surface  roughness.'  Thus,  it  is  nec¬ 
essary  to  cut  the  sample  perpendicular  to  the  waveguide 
surface  and  polish  the  end  face  carefully.  To  avoid  rounding 
the  edge  of  the  waveguide  while  polishing,  it  is  necessary  to 
cement  a  glass  pad  (made  of  the  same  material  as  the  sub¬ 
strate)  to  the  surface  of  the  guide  using  an  epoxy.  After  the 
polishing  has  been  completed,  the  sample  is  coated  w  ith  50  A 
of  carbon  to  avoid  charging  of  the  sample.  In  making  the 
SEM  measurements,  it  is  necessary  for  the  electron  beam  to 
be  incident  perpendicular  to  the  sample.  If  this  is  not  the 
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FIG  I.  lal  Index  profile  of  a  planar  waveguide  fabruated  by  field-assivted 
diffusion  of  silver  ions  in  the  first  step,  i hi  Skewed  Ind  -x  profile  of  a  buried 
waveguide  due  to  a  second  field-assisted  diffusion  of  the  sample  shown  in 
liai,  now  in  pure  NaNO,.  Icl  erfc  index  profile  of  a  planar  waveguide  fabri¬ 
cated  by  a  first  step  diffusion  process  w  ithout  applied  eUctnc  field,  idl  Sym¬ 
metrical  index  profile  of  a  buried  waveguide  with  a  second  'lep  fn-M-asvisted 
diffusion  of  the  sample  shown  in  1  cl.  now  in  pure  NaNO, 

case,  a  distorted  profile  is  obtained  due  to  the  fact  that  back- 
scattered  electrons  have  a  relatively  large  interaction  vol¬ 
ume.'  The  silver  ion  concentration  profiles  obtained  using 
this  technique  are  shown  in  Figs.  1(a)— l(dl.  The  dip  in  the 
signal  in  the  middle  indicates  the  epoxy  layer  which  has  a 
lower  index  than  that  of  the  glass  slides  on  both  sides.  The 
backscattered  electron  contribution  due  the  epoxy,  which  is 
an  organic  compound,  is  quite  negligible.  The  silver  ion  pro¬ 
file  at  the  surface  to  the  right  of  the  epoxy  layer  indicates  the 
effective  change  in  the  index  of  the  glass  substrate  due  to 
Ag'  diffusion.  We  are  presently  working  on  characterizing 
these  waveguides. 

Using  an  improved  technique'’  that  utilizes  a  novel  elec¬ 
trolytic  release  process7  in  which  silver  ions  are  released  elec- 
troly t ically  into  molten  sodium  nitrate,  we  fabricated  several 


single  and  multimode  waveguides  at  A  =  0,633  /tm.  It  was 
experimentally  determined  that  if  no  field  is  applied  during 
the  first  diffusion  step,  a  surface  waveguide  with  comple¬ 
mentary  error  function  profile  (as  expected  for  a  constant 
source  diffusion!  is  formed.  Figure  lie)  shows  such  an  erfc 
concentration  profile  obtained  for  the  case  when  the  diffu¬ 
sion  time  was  30  min.  When  this  waveguide  is  subjected  to  a 
second  diffusion,  now  with  an  applied  field  and  in  pure  sodi¬ 
um  nitrate,  we  obtain  a  symmetrical  structure  with  near 
parabolic  index  profile  as  shown  in  Fig.  1(d).  The  duration  of 
the  first  diffusion,  the  strength  of  the  electric  field,  and  the 
diffusion  time  during  the  second  step  need  to  be  controlled  in 
order  to  achieve  the  desired  symmetrical,  buried  index  pro¬ 
file.  For  example,  for  the  waveguide  profile  shown  in  Fig. 
!(d),  the  first  diffusion  w  ithout  drift  field  was  carried  out  for 
30  min  at  a  temperature  of  330  °C.  The  time  of  the  second 
diffusion  was  30  min  with  an  applied  electric  field  of  30  V/ 
mm.  The  resulting  waveguides  were  polished  and  analyzed 
using  SEM  to  obtain  an  estimate  of  their  widths  and  refrac¬ 
tive  index  profiles. 

In  conclusion,  we  have  presented  a  procedure  for  fabri¬ 
cating  buried  glass  waveguides  with  fiberlike  index  profile 
using  Ag^-Na"  exchange  in  glass.  A  simple  technique 
which  uses  backscattered  electrons  in  a  SEM  to  determine 
both  the  i  -tractive  index  profile  and  the  effective  waveguide 
width  of  Ag  ‘  -Na  '  exchanged  glass  waveguides  is  also  pre¬ 
sented. 
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ton-exchanged  glass  waveguides  are  expected 
to  form  the  oasis  for  the  potentially  inexpensive 
passive  integrated  optical  components  compatiDle 
with  smgle*mode  ootical  fibers  Recently,  an  im¬ 
proved  electrolytic  release  techmgue.1  where  sil¬ 
ver  ions  were  introduced  into  a  bath  of  molten 
NaNOi  containing  the  glass  substrate  with  the  Ag* 
concentration  controlled  to  better  than  ±  1  ug.  was 
used  to  fabricate  low-ioss  (-0.1-dB/cm)  optical 
waveguides  ov  using  Ag'-Na*  exchange  at  elevat¬ 
ed  temperatures. 

Although  such  a  scheme  facilitates  precise 
elector, -c  control  of  all  the  process  parameters, 
namely,  concentration,  temperature,  and  time,  fun¬ 
damental  understanding  of  the  diffusion  process 
and  its  relationship  to  the  device  characteristics  is 
essential  for  the  design  of  passive  optical  compo¬ 
nents  with  assured  repeatability.  The  diffusion 
process  has  already  been  studied  m  detail2  by 
using  the  SEM  backscattered  electron  yield  as  a 
function  of  waveguide  depth.  For  a  small  concen¬ 
tration  of  Ag*  with  no  applied  field,  the  Ag*  con¬ 
centration  (and  hence  the  refractive-index)  profile 
is  given  by 

O(*.0  =  C0  erfcj — - — |  • 

\2\  Dt  J 

For  Co  >  10-3  MF.  D  -  0  28  pm2/m in  for  Ag*-Na* 
exchange  in  glass  substrates.  However,  this  val¬ 
ue  0?  D  decreases  monotonically  with  decreasing 
concentration  This  behavior  is  not  fully  under¬ 
stood  and  is  presently  under  investigation.  For 
large  applied  fields,  specifically  for  Ept  >  5^/ Of. 
the  profile  given  by 


is  confirmed  by  SEM  experimental  results.  A  de¬ 
tailed  study  of  the  iwostep  process  to  achieve 
buried  symmetrical  profiles  where  the  second  step 
diffusion  «s  earned  out  m  pure  NaNOj  and  the 
extension  of  the  study  to  Ag*-Naf  exchanged 
channel  waveguides  m  particular  will  be  present¬ 
ed  Absolute  values  of  An  for  the  channel  wave- 
5N»des  are  obtained  by  measuring  the  ratio  of  the 
peak  ind,^*  lor  the  channel  and  planar  wave¬ 


guides  usinq  SEM  data  and  comparing  the  values  of 
A/>  leu  .no  pi<mar  waveguides 

Channel  wavequides  were  formed  by  the 
Ag*-Na*  exchange  throuqh  a  window  of  varying 
(2-10-umi  widths  with  the  pattern  replicated  in  an 
aluminum  mask  over  the  qiass  substrate  using  the 
standard  photolithographic  techniques.  The  diffu¬ 
sion  profile  of  the  channel  waveguide  *s  deter¬ 
mined  by  measuring  the  backscattered  electrons 
as  a  function  of  both  waveguide  depth  and  width 
using  a  SEM 2  Figure  1  shows  a  typical  2-D 
backscattered  electron  profile  for  a  channel  wave¬ 
guide.  10  urn  wide,  faoricated  at  T  ~  330°C  with 
Cb  =  2  X  10-3  MF  and  f  =  60  mm.  We  did  not 
observe,  however,  any  deposition  of  silver  under 
the  edges  of  the  aluminum  mask  opening  as  re¬ 
ported  m  the  literature  4 

The  channel  wavequide  was  epoxied  agamst  a 
planar  waveguide  fabricated  in  identical  conditions 
and  analyzed  using  a  SEM.  Figure  2  shows  the 
variation  of  diffusion  depth  (measured  at  the  We 
point  from  the  surface)  for  the  channel  waveguide 
compared  with  that  of  the  planar  waveguide,  as  a 
function  of  mask  width.  As  before,  decreasing  Cq 
decreases  diffusion  depth,  and  the  increasing 
guide  width  ’-‘"'Cb'.e:  c»-ptn  of  diffusion  ap¬ 

proaching  that  of  fhe  planar  waveguide  However, 
for  lower  concentrations,  planar  values  are 
achieved  at  lower  guide  widths  The  absolute 
value  of  An  of  the  channel  waveguides  can  g© 
determined  by  usmg  the  corresponding  value  m 
planar  wavequides. i  For  low  snver  concentration, 
the  peak  value  of  An  vanes  between  0  005  and 
0.02  dependmq  on  the  Aqr  concentration  and  op¬ 
erating  wavelength  These  excenmpntai  resu'ts 
and  index  profile  measurement  wnl  t,e  compared 
to  the  theoretical  predictions. 

Light  was  coupled  to  channel  waveguides  usmq 
a  microscope  ooiective  at  He-Ne  (0  6323-urm  and 
Na:YAG  ( 1  32-um>  laser  wavelengths.  The  num¬ 
ber  of  modes  measured  at  eacn  wavelength  is 
summarized  m  Table  l  Usmq  a  s  maar  setuo  re¬ 
ported  elsewhere.5  the  cutoff  waveienqth  for  the 
lowest-order  mode  was  measured  The  cutoff 
wavelength  for  the  smallest  wavecu.de  (2  umt  is  \c 
-  1.43  The  variation  of  the  cutoff  wave¬ 

length  with  waveguide  dimensions,  estimation  of 
An,  and  a  comparison  with  the  theoretical  analysis 
will  also  be  discussed.  (12  mm ) 
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FD02  Fig.  1.  Diffusion  profile  o 4  10-u/n  wide 
Ag*-Na*  exchanged  c Jtmnei  waveguide.  Two- 
dimensional  scan:  msets  represent  the  1-0  scan 
along  the  dotted  lines. 
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FDD2  Fig  2.  Variation  of  d>fturs«n  deoth  as  a 
function  ol  mask  width  is  compared  with  that  of  the 
planar  waveguide  Go  is  the  motar  concentration 
of  silver  m  the  bath. 


FD02  Tablet.  Number  ot  TE  or  TM  Modes  In 
Sliver  Ion-Exchanged  Clan  Waveguides; 
Concentration  =  7  X  IQ-4  MF,  f  =  33QJC. 


f  =  90  mm 


M.isk  width 

0  6:128  urn 

1.32  wm 

10  0 

5 

2 

8.5 

3 

2 

6.5 

3 

1 

<0 

I 

1 

2.5 

2 

1 

REFERENCE  [25] 


Guided  Waves  in  Graded-index  Planar  Waveguides  with  Nonlinear  Cover  Medium 
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Department  of  Electrical  Engineering 
University  of  Florida,  Gainesville,  Florida  32611 

Abstract 

Dispersion  relations  for  TE  modes  in  planar,  exponentially  graded-index 
waveguide  with  3elf-focussing  nonlinear  cover  material  have  been  solved  numer¬ 
ically.  It  is  shown  that  the  threshold  power  required  to  pull  the  field 
maximum  out  of  the  film  region  into  the  cover,  is  lower  compared  to  that  for 
the  step-index  waveguide.  Empirical  relations  to  calculate  the  corresponding 
minimum  film  thickness  and  the  minimum  threshold  power  are  given  for  the 
lowest  order  mode. 

Introduction 

Intensity-dependent  phenomena  in  optical  guided-waves  have  attracted  a 
great  deal  of  interest  [1-6]  in  the  past  few  years  because  of  their  potential 
use  in  all-optical  signal  processing.  The  main  advantage  lies  in  lower 
threshold  powers  caused  by  large  interaction  lengths  involved  and  power 
confinement  over  smaller  cross-sections.  At  moderate  power  levels  when  the 
modal  fields  do  not  exhibit  significant  changes,  the  coupled  mode  approach  [2] 
is  adequate  to  describe  the  intensity-dependent  propagation  constant.  Using 
this  formalism,  non-linear  directional  coupler  [7]  and  bistability  in  channel 
waveguides  [8]  have  been  analyzed.  However,  at  larger  power  densities,  the 
modal  field  undergoes  drastic  changes  and  the  coupled  mode  approach  can  not  be 
used.  Detailed  studies  of  the  intensity  dependent  behavior  of  the  guided 
modes  in  waveguides  with  homogeneous  film  and  nonlinear  surrounding  media  have 
recently  been  reported  by  several  research  workers  [1-6]  showing  existence  of 
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multi-valued  propagation  constant  above  some  threshold  power  levels,  arousing 
interest  in  possible  bistable  behavior  of  waveguides.  Experimental  observa¬ 
tion  of  nonlinear  guided  waves  has  also  been  reported  in  at  least  two  cases 
[9,  101. 

In  this  letter,  we  solve  the  problem  of  TE  modes  in  an  exponentially 
graded  planar  waveguide  with  nonlinear  self -focussing  material  as  the  cover. 
In  any  graded-index  waveguide  the  threshold  power  needed  to  shift  the  field 
maximum  into  the  nonlinear  cover  medium  is  expected  to  be  lower  as  the  peak  of 
the  modal  field  is  closer  to  the  cover  surface.  Our  interest  in  exponential 
grading  is  two  fold:  it  is  not  only  amenable  to  analytical  solutions  for  the 
TE  modes  [111,  its  propagation  characteristics  closely  approximate  the 
Gaussian  and  complementary  error  function  (ERFC)  profiles  of  practical 
interest  which  do  not  subject  themselves  tc  such  an  exact  analysis.  In  fact, 
it  is  known  [12]  that  in  graded-index  waveguides,  the  fundamental  mode  profile 
is  not  very  sensitive  to  the  exact  fqrm  of  the  index  profile.  Our  results 
show  that  a  minimum  film  thickness  dm^n  (diffusion  depth)  is  necessary  to 
observe  multi-valued  B  (above  a  threshold  power)  in  the  lowest  order  mode.  As 
expected,  the  threshold  power  requirements  are  considerably  relaxed  by  the 
index  grading.  A a  the  film  thickness  is  increased  from  the  minimum  value, 

the  threshold  power  increases  almost  linearly.  In  the  case  of  the  fundamental 
mode  in  a  symmetric  waveguide  with  minimum  thickness,  the  field  cross-over  to 
the  cover  region  occurs  at  approximately  the  3ame  value  of  the  normalized 
propagation  constant  and  the  normalized  frequency,  independent  of  the  film- 
cover  index  difference.  This  allows  us  to  compute  the  design  curves  from 
which  one  can  predict,  with  reasonable  accuracy,  the  minimum  thickness  and  the 
corresponding  threshold  power  required  for  this  crossover  in  a  given 
waveguide.  In  comparison,  in  the  case  of  the  next  higher  order  mode,  no 

minimum  thickness  is  necessary  as  long  as  the  waveguide  supports  this  mode. 
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Analysis 


We  consider  the  following  index  profile: 

n2(x)  -  n^2  +  ol[z!  2  for  x  <  0 

*  n^2  {1  +  2A  exp(-x/d)}  x  >  0  (1) 

2  2 
a  -it, 

where  A  -  —2 - - — 

2n.  2 

E,  n^,  n^,  n^,  d,  a  are  local  field,  cover  index  at  very  low  power,  refrac¬ 
tive  index  of  the  bulk  (substrate)  material,  surface  film  index,  diffusion 
depth  and  nonlinear  coefficient  of  the  cover  material,  respectively.  For 
self-focussing  nonlinear  media  a  >  0. 

The  field  distribution  E  (x,  z,  t)  ■  E^(x)  exp  ^  i(u»t  -  3z)^-  of  the  TE 
modes  of  the  waveguide  is  obtained  by  solving  the  wave  equation  in  two  differ¬ 
ent  regions  (i.e.  x  >  0  and  x  <  0) ,  and  can  be  expressed  as  [1,  11]: 

Ey (x)  -  /2  q  sech  {kQq  (x^  -  x>}  for  x  <  0 

*  A  J  (2V  exp  (-x/2d)}  x  >  0  (2) 

2  2-L/2  2  2  lf2 
where  q  -  {(3/k  )  -  n  }  ,  o  -  k  d{(3/k  Y  -  nf) 

O  C  0  0  0 

and  V  »  k^d  n^/2A. 

Here  A  i3  a  constant;  kQ,  and  3  are  free-space  wave  number  and  propagation 

constant  of  the  mode  respectively,  x^  is  a  power-dependent  constant  and  ha3  a 

finite  value  (while  for  the  linear  case  it  is  infinite).  x^  *  0  corresponds 

to  the  field  maximum  at  x  »  0,  as  seen  from  Eq.  (2).  The  value  of  A  and  the 

power  dependent  dispersion  relation  obtained  by  ensuring  the  continuity  of  S. 

3E  1 

and  Hz  (i.e.  — ,  respectively,  are  written  as: 


and 


h 


V2V) 


sech  (k  qx, ) 
o  1 


YT 


jen  i .. 

JJ2V)  ■ 


0 


(3) 

(4) 
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where  y  m  k  qd,  T  ■  tanh  (k  qx.) 

o  01 

The  guided  wave  power  per  unit  length  along  the  y-axis  is  obtained  as 

OB 

“  V?  /  *  H*)  dx  -  p  +  p,  (5) 

g  2  C  I 


where 


fr  (i  -  T> 

BD  (1  -  T2) 


2d8q 


,  2 
k  n^  n- 
o  c  2c 


T1 -  J2o2(7’)dy' 

J2o-(2V)  o* 


(6) 


,  u 

a  i  o 


n2c  -  -7  “ 


After  some  mathematical  manipulation,  Eq.  (5)  can  be  written  a3 


P 

T  ■  [  { ( 1  +  — ^ - - — ] 

4yD;  BDX  4yD 


(7) 


Here,  eQ  and  uQ  are  free-space  permittivity  and  permeability,  respectively. 
Minimum  threshold  power  P  (rain)  is  the  power  corresponding  to  T  ■  0  and  thi3 
corresponds  to  the  minimum  thickness  (in  the  case  of  the  lowest  order  mode). 

Thus  by  using  Eqs.  (2)  through  (7),  we  obtain  the  threshold  power,  power 
dependence  of  the  modal  field  and  the  propagation  constant  etc.  of  the  TE 
modes.  If  the  nonlinear  medium  is  self -defocussing  (i.e.  n2c  <  o);  same 
expressions  can  be  used  except  that  tanh(t),  sech(t),  n2c  and  a  are  replaced 
by  coth(t),  cosech(t),  |n2c|  ant*  l°l»  respectively  in  the  entire  analysis. 
Results  and  Discussion 

The  analytical  relations  given  above  were  solved  numerically  to  obtain 
detailed  information  about  the  power  dependence  of  the  guided  waves  and  to 
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compare  our  results  with  those  obtained  in  the  case  of  the  homogeneous  step 
index  waveguide  with  nonlinear  cover.  Due  to  the  nonlinearity,  the  self 
consistent  solution  was  obtained  by  assuming  that  only  one  mode  was  guided. 
Unless  otherwise  stated,  all  cases  assume  symmetrical  waveguides  i.e.,  n^  * 
n  ,  X  »  0.515,  n3  -  1.57,  X  0.515  um  and  n-,c  =*  10”^  m^/U.  These  values  are 
chosen  to  compare  our  results  with  those  of  Ref.  [6]. 


TE^  mode 
o 


Figure  1  shows  the  effective  index  (3/Tc  )  of  the  fundamental  mode  vm.  the 

total  guided  power  (P  )  for  two  different  thicknesses.  Initially  for  low 

S 

guided  powers,  the  propagation  constant  increases  almost  linearly.  The  in¬ 
crease  I3  predicted  by  the  coupled-mode  theory  and  can  alternatively  be  viewed 
as  arising  from  the  fact  that  the  creation  of  a  higher  refractive  index  in  the 
cover  medium  adjacent  to  the  cover-film  interface  causes  an  increase  in  the 
effective  width  of  the  guide.  However,  the  rate  of  increase  of  3  with  the 
guided  power  is  larger  for  smaller  film  thickness.  Thi3  can  be  explained  as 
follows.  For  a  given  power,  a3  the  film  thickness  decreases,  the  peak  of  the 
fundamental  mode  shift3  closer  to  the  surface  and  the  field  amplitude  at  the 
cover-film  interface  increases.  For  smaller  thickness  therefore,  as  the  power 
I3  increased,  the  nonlinearity  in  the  cover  medium  has  the  stronger  effect  in 
shifting  the  peak  toward  the  interface  and  increasing  the  effecive  index.  In 
fact  if  the  thickness  is  below  certain  critical  value,  the  rapid  shift  allows 
the  peak  to  reach  the  interface  at  power  levels  well  below  the  minimum  power 
required  to  obtain  sufficiently  large  3/kQ  characteristic  of  the  surface 
polariton.  Multivalued  behavior  in  the  propagaton  constant  is  not  observed  in 
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such  cases .  In  our  case,  the  minimum  filn  thickness  to  observe  mult i-valued 


^  ^min  ^ ura*  The  curves  in  rig.  1  have  the  same  characteristics  as 
in  the  case  of  the  homogeneous  film,  including  the  presence  of  a  surface- 

polariton  like  mode  for  3/k0  >  ng.  Although  the  occurance  of  multi-valued 

propagation  constant  is  reminiscent  of  a  possible  bistable  behavior,  there  are 

some  doubts  [13]  whether  the  various  branches  3hown  in  Fig.  1  are  3table. 

Stability  analysis  of  the  branch  where  dP  / dS  >  0  indicates  that  the 

2 

corresponding  field  configuration  is  stable  where  as  the  region  with  dP  /dB  < 

S 

0  is  likely  to  be  unstable  [14],  Although  the  threshold  power  required  to 
obtain  multiple-valued  S  increases  linearly  with  the  thickness,  the  threshold 
occurs  at  a  relatively  constant  value  of  the  field  amplitude  at  the  cover-film 
interface.  This  Is  consistent  with  the  requirement  (and  our  observation)  that 
the  peak  of  the  field  shift  to  the  cover  layer  when  the  cover  index  at  the 
interface  be  slightly  larger  than  the  film-index.  The  field  profiles 
corresponding  to  the  three  power  levels  indicated  in  Fig.  1  are  shown  in  Fig. 

2.  At  sufficiently  large  powers,  most  of  the  power  flows  in  the  cover.  In 

the  steady-state  case  analyzed  here,  the  peak  of  the  field  3tays  very  close  to 
the  surface  at  all  the  power  levels  studied. 

To  compare  our  results  for  the  minimum  threshold  power,  we  have  calcu¬ 
lated  it3  value  as  a  function  of  A  under  the  same  conditions  as  in  Ref.  [6]. 
Namely,  for  each  A,  the  thickness  d  vcs  gradually  increased  until  a  maximum  in 
the  Pg  vs.  8/kQ  curve  first  appeared.  The  two  curves  in  Fig.  3  represented  by 
solid  line3  A  and  B  show  the  behavior  for  ■  1.55  and  3.0  respectively.  As 
can  be  3een  the  minimum  threshold  power  is  lower  as  compared  to  the  homo¬ 
geneous  film  [6] ,  does  not  depend  significantly  on  the  index  of  the 

surrounding  medium  and  can  be  obtained  for  any  given  value  of  n„,  and  d  bv 
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interpolating  linearly  between  the  curves.  Moreover,  in  each  case  the  minimum 
threshold  power  occurs  at  T  ■  0  and  at  a  thickness  for  which  the  normalized 
frequency  V  «  4.4  ±  0.4.  This  happens  at  a  (surprisingly)  constant  value  of 


the  normalized  propagation  constant 


0> 


.3  .2  2 

(k  >  '  \ 

— - - )) 

9  9  * 


0.66  ±  0.007. 


ns  "  “b 

This  fact  can  oe  used  to  readily  obtain  an  estimate,  within  ±  lOt,  of  the 
minimum  thickness  and  the  corresponding  threshold  power  required  for  the  given 
waveguide  parameters  and  the  wavelength.  These  estimates  are  not  likely  to 
differ  substantially  for  the  Gaussian  or  ERC?  profiles.  Furthermore,  the 
asymmetric  graded  profiles  (nc  >  n^)  will  have  even  smaller  threshold  powers 
as  the  peak  of  the  modal  field  is  closer  to  the  surface  at  a  given  power 
level. 

TE^  mode 


Figure  4  shows  variation  of  the  ^effective  index  (3/kQ)  of  the  TE^  mode 

mode  with  the  guided  mode  power  (?  ).  It  is  found  that  the  peak  in  the  ?  V3. 

s  9 

3/k  curve  for  this  mode  can  be  obtained  at  any  thickness  greater  than  the 
o 

minimum  thickness  required  for  guiding  this  mode.  One  significant  result  of 
the  film  index  grading  is  that  the  threshold  power  for  obtaining  this  peak  in 
the  case  of  the  TE^,  mode  is  reduced  by  almost  a  factor  of  two  from  the 
corresponding  value  for  homogeneous  film  [6].  Thi3  conclusion  was  arrived  at 
by  comparing  the  two  values  for  a  waveguide  thickness  anywhere  between  25  3nd 
100"  larger  than  the  cutoff  thickness  at  X  *  0.515  Xm  for  the  TE^  mode. 

Figure  5  3hows  the  field  profile  at  the  guided  power  levels  corresponding 
to  the  points  A,  B,  and  G  in  Fig.  4.  A  comparison  with  the  TEo  mode  shows 
that  the  field  peaks  in  the  cover  farther  away  from  the  surface  in  the  case  of 
TE^  mode.  However,  a  substantial  part  of  the  power  always  3tays  inside  the 
film. 
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In  conclusion,  we  have  analyzed  the  Intensity  dependent  modes  in  graded 


index  planar  waveguide  with  self  focussing  nonlinear  cover  medium.  The 
results  3how  that  the  threshold  power  requirements  are  considerably  relaxed 
by  grading.  Empirical  relations  are  presented  from  which  threshold  power  and 
minimum  film  thickness  required  for  the  multivalued  behavior  in  the 
propagation  constant  of  the  lowest  order  mode  can  be  calculated  for  a  given 
waveguide  within  10"  error. 
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Figure  Captions 


Fig.l:  Variation  cf  TEq  guided  wave  power  with  effective  index  for  d  - 
1.5um  (dashed  curve)  and  d  =*  3.0  um  (solid  curve).  The  points  A,  B  and  C 
represent  the  power  level  corresponding  to  the  field  profile  of  TEq  node  shown 
in  Fig.  2. 

Fig.  2:  Field  profile  of  TEq  mode  corresponding  to  three  different  power 
levels  (identified  by  the  points  A,  3  and  G  in  Fig.  1)  for  d  =  3.0  urn. 

Fig.  3:  Minimum  TEq  guided  wave  power  as  a  function  of  (ng  -  n  )  for  n^ 
■  1.55  (curve  A),  and  **  3.0  (curve  B).  Circles  correspond  to  Ref.  [6]  with 
the  homogeneous  film  for  *  1.55. 

Fig.  4:  The  variation  of  TE,  guided  wave  power  with  effective  index  for 
d  =*  1.5  um  (dashed  curve)  and  d  ■  3.0  um  (solid  curve).  The  points  A,  B  and  G 
correspond  to  the  power  levels  for  field  profile  of  TE^  mode  shown  in  Fig.  5. 

Fig.  5:  Field  profile  of  TE.  mode  for  three  different  power  levels 
marked  by  points  A,  3  and  G  in  Fig.  4  for  d  ■  1.5  um. 
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Guided  waves  in  graded-index  planar  waveguides  with 
nonlinear  cover  medium 


R.  K.  Varshney,  M.  A.  Nehme,  R.  Srivastava,  and  R.  V.  Ramaswamy 


Dispersion  relations  lor  TE  modes  in  a  planar  exponentially  graded-index  waveguide  with  self-focusing 
nonlinear  cover  material  have  been  solved  numerically.  It  is  shown  that  the  threshold  power  required  to  pull 
the  tield  maximum  out  of  the  film  region  into  the  cover  is  lower  compared  with  that  for  the  step-index 
waveguide  and  agrees  well  with  the  experimental  results.  Empirical  relations  to  calculate  the  corresponding 
minimum  film  thickness  and  the  minimum  threshold  power  are  given  for  the  lowest-order  mode. 


1.  Introduction 

Intensity-dependent  phenomena  in  optical  guided 
waves  have  attracted  a  great  deal  of  interest1  6  in  the 
last  few  years  because  of  their  potential  use  in  all- 
optical  signal  processing.  The  main  advantage  lies  in 
lower  threshold  powers  caused  by  large  interaction 
lengths  involved  and  power  confinement  over  smaller 
cross  sections.  At  moderate  power  levels  when  the 
modal  fields  do  not  exhibit  significant  changes,  the 
coupled  mode  approach-  is  adequate  to  describe  the 
intensity-dependent  propagation  constant.  Using 
this  formalism,  the  nonlinear  directional  coupler7  and 
bistability  in  channel  waveguides*  have  been  analyzed. 
However,  at  larger  power  densities,  the  modal  field 
undergoes  drastic  changes,  and  the  coupled  mode  ap¬ 
proach  cannot  be  used.  Detailed  studies  of  the  inten¬ 
sity-dependent  behavior  of  the  guided  modes  in  wave¬ 
guides  with  homogeneous  film  and  nonlinear 
surrounding  media  have  recently  been  reported  by 
several  research  workers1'6  showing  the  existence  of 
multivalued  propagation  constant  above  some  thresh¬ 
old  power  levels,  arousing  interest  in  possible  bistable 
behavior  of  waveguides.  Experimental  observation  of 
nonlinear  guided  waves  has  also  been  reported  in  at 
least  two  cases.910  In  Ref.  9,  the  hysterisis  was  ob¬ 
served  in  the  TE|  mode  when  the  nonlinear  medium 
was  liquid  crystal  MBBA,  which  acted  as  the  cover  for 
a  step-index  planar  glass  waveguide,  whereas  in  Ref. 
10,  CS?  was  used  as  the  nonlinear  cover  medium  on  an 
ion-exchanged  glass  waveguide,  and  an  intensity-de- 
pendent  hysterisis  was  observed  in  the  TE0  mode. 

In  this  paper,  we  solve  the  problem  of  TE  modes  in 
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an  exponentially  graded  planar  waveguide  with  non¬ 
linear  self-focusing  material  as  the  cover.  In  any  grad¬ 
ed-index  waveguide  the  threshold  power  needed  to 
shift  the  field  maximum  into  the  nonlinear  cover  medi¬ 
um  is  expected  to  be  lower  as  the  peak  of  the  modal 
field  is  closer  to  the  cover  surface.  Our  interest  in 
exponential  grading  is  twofold:  it  is  not  only  amena¬ 
ble  to  analytical  solutions  for  the  TE  modes,11  its  prop¬ 
agation  characteristics  closely  approximate  the  Gauss¬ 
ian  and  complementary  cfivr  function  (ERFC) 
profiles  of  practical  interest,  which  do  not  subject 
themselves  to  such  an  exact  analysis.  In  fact,  it  is 
known1-  that  in  graded-index  waveguides  the  funda¬ 
mental  mode  profile  is  not  very  sensitive  to  the  exact 
form  of  the  index  profile.  Our  results  show  that  in  the 
case  of  the  lowest-order  mode  a  minimum  film  thick¬ 
ness  <fmm  (diffusion  depth)  is  necessary  to  observe  mul¬ 
tivalued  d  (above  a  threshold  power).  As  expected, 
the  threshold  power  requirements  are  considerably 
relaxed  by  the  index  grading,  and  the  predicted  values 
agree  well  with  the  experimental  results  of  Ref.  10.  As 
the  film  thickness  is  increased  from  the  minimum  val¬ 
ue,  the  threshold  power  increases  almost  linearly.  In 
the  case  of  the  fundamental  mode  in  a  symmetric 
waveguide  with  minimum  thickness,  the  field  cross¬ 
over  to  the  cover  region  occurs  at  approximately  the 
same  value  of  the  normalized  propagation  constant 
and  the  normalized  frequency,  independent  of  the 
film-cover  index  difference.  This  allows  us  to  com¬ 
pute  the  design  curves  from  which  one  can  predict, 
with  reasonable  accuracy,  the  minimum  thickness  and 
corresponding  threshold  power  required  for  this  cross¬ 
over  in  a  given  waveguide.  In  comparison,  in  the  case 
of  the  next  higher  order  mode,  no  minimum  thickness 
is  necessary  as  long  as  the  waveguide  supports  this 
mode. 

II.  Analysis 

We  consider  the  following  index  profile: 
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fur  x  <  0 


where 


rrlxl  =  n;  +  o|fc'|-' 

=  n;  (1  +  2A  expt-.x.dj  x  >  0, 


(1) 


A  = 


2n 


E,  nt  ,  rp,  n„  d,  a  are  local  field,  cover  index  at  very  low 
power,  refractive  index  of  the  bulk  (substrate)  materi¬ 
al,  surface  film  index,  diffusion  depth,  and  nonlinear 
coefficient  of  the  cover  material,  respectively.  For 
self-focusing  nonlinear  media  a  >  0. 

The  field  distribution  E(x,  z ,  t )  =  EJx)  exp(i(a-f  — 
dz)j  of  the  TE  modes  of  the  waveguide  is  obtained  by 
solving  the  wave  equation  in  two  different  regions  (i.e., 
x  >  0  and  x  <  0)  and  can  be  expressed  as111 

E,(x>  =  q  sech|/>',,vU,  —  xl|  I'ori  <  0. 

=  rW:„|2l’exp(-i/2d))  i  >  0,  (2) 

where 

q  =  1(3/*,,)-'  -  p  =  MM/*,.)-  -  n;|'-, 

V  =  ki4nhx'l±. 

Here  A  is  a  constant;  kt)  and  3  are  the  free-space  wave- 
number  and  propagation  constant  of  the  mode,  respec¬ 
tively.  xv  is  a  power-dependent  constant  and  has  a 
51. file  value  (while  tor  the  linear  case  it  is  infinite).  X| 
=  0  corresponds  to  the  field  maximum  at  x  =  0,  as  seen 
from  Eq.  (2).  The  value  of  A  and  the  power-depen- 
dent  dispersion  relation  obtained  by  ensuring  the  con¬ 
tinuity  of  Ey  and  H:  [i.e.,  (d£v)/dx),  respectively,  are 
written  as 


A  = 


f 2  q 

\  «  J<J  2  V) 


sechl/.y.yi,). 


(3) 


where  7  =  kttqd,  T  =  tanh(k„qxti). 

The  guided  wave  power  per  unit  length  along  the  y 
axis  is  obtained  as 


Pt  =  %  j  (E  x  H)l<ti  =  /’  +  I’,. 

where 

P  =  —  (i  -71. 

2*> 

pf  =  ri){  \  -  r-\ 

H  =  • 

><„n:n.r 

l>  =  - - —  [*'  1  ./•;  (\  )dv . 
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Aftersome  mathematical  manipulation,  Eq.  (5)  can  be 
written  as 


Here  and  are  free-space  permittivity  and  perme¬ 
ability,  respectively.  Minimum  threshold  power 
Pt,(min)  is  the  power  corresponding  to  T  =  0,  and  this 
corresponds  to  the  minimum  thickness  (in  the  case  of 
the  lowest-order  mode). 

Thus,  by  using  Eqs.  (2)— (7 ),  we  obtain  the  threshold 
power,  power  dependence  of  the  modal  field,  propaga¬ 
tion  constant,  etc.  of  the  TE  modes.  If  the  nonlinear 
medium  is  self-defocusing  (i.e.,  n>r  <  0),  the  same 
expressions  can  be  used  except  that  tanh(f).  sech(f), 
and  a  are  replaced  by  coth(t),  cosechU).  |no,|,  and 
la|,  respectively,  in  the  entire  analysis. 

ill.  Results  and  Discussion 

The  analytical  relations  given  above  were  solved 
numerically  to  obtain  detailed  information  about  the 
power  dependence  of  the  guided  waves  and  to  compare 
our  results  with  those  obtained  in  the  case  of  the  homo¬ 
geneous  step-index  waveguide  with  nonlinear  cover. 
Due  to  the  nonlinearity,  the  self-consistent  solution 
was  obtained  by  assuming  that  only  one  mode  was 
guided.  Unless  otherwise  stated,  all  cases  assume 
symmetrical  waveguides,  i.e.,  rp  =  nc,  n,  =  1.57,  X„  = 
0.515  urn,  and  nLV  =  10-9  m’/W.  TTiese  values  are 
chosen  to  compare  our  results  with  those  of  Ref.  6. 

A.  TE0  Mode 

Figure  1  shows  the  effective  index  (3/kq)  of  the  fun¬ 
damental  mode  vs  the  total  guided  power  Pt.  for  two 
different  thicknesses.  Initially,  for  low  guided  powers, 
the  propagation  constant  increases  almost  linearly. 
The  increase  is  predicted  by  the  coupled-mode  theory 
and  can  alternatively  be  viewed  as  arising  from  the  fact 
that  creation  of  a  higher  refractive  index  in  the  cover 


Fttr.  I  Yan.it ton  nt  TK.miided  wave  power  with  the  effect  ive  index 
l**r</  =  I  won  I dashed  curvet  and  ti  =  d.l)  um  i solid  curvet  Points 
A.  H.  and  ('  represent  the  power  level  corresponding  to  the  field 
profile  nt  the  TK.,  mode  shown  in  Fig.  2. 


o  n  -i 


Ki^.  2.  Field  profile  of  the  TE.»  mode  corresponding  to  three  differ¬ 
ent  power  levels  (identified  hy  the  points  A,  H.  and  ('  in  Fig.  1 )  lore  = 
'.1.0  pm. 


MINIMUM  THRESHOLD  POWER  (nw/mm) 

Fig.  :l.  Minimum  TEo  guided  wave  power  as  a  function  of  ui.  -  n, ) 
lor  n>.  =  l.oo  (curve  .4)  and  =  3.0  (curve  B\.  Circles  correspond  to 
Ref.  b  with  the  homogeneous  film  for  m.  -  l.nn. 


medium  adjacent  to  the  cover-film  interface  causes  an 
increase  in  the  effective  width  of  the  guide.  However, 
the  rate  of  increase  of  0  with  the  guided  power  is  larger 
for  smaller  film  thickness.  This  can  be  explained  as 
follows.  For  a  given  power,  as  the  film  thickness  de¬ 
creases.  the  peak  of  the  fundamental  mode  shifts  closer 
to  the  surface,  and  the  field  amplitude  at  the  cover- 
film  interface  increases.  For  smaller  thickness,  there¬ 
fore,  as  the  power  is  increased,  the  nonlinearity  in  the 
cover  medium  has  the  stronger  effect  in  shifting  the 
peak  toward  the  interface  and  increasing  the  effective 
index.  In  fact,  if  the  thickness  is  below  a  certain 
critical  value,  the  rapid  shift  allows  the  peak  to  reach 
the  interface  at  power  levels  well  below  the  minimum 
power  required  to  obtain  sufficiently  large  d/fcn  charac¬ 
teristic  of  the  surface  polariton.  Multivalued  behav¬ 
ior  in  the  propagation  constant  is  not  observed  in  such 
cases.  In  our  case,  the  minimum  film  thickness  to 


observe  multivalues  d  is  dm„,  '  1.42  urn.  The  curves  in 
Fig.  1  have  the  same  characteristics  as  in  the  case  of  the 
homogeneous  film,  including  the  presence  of  a  surface- 
polaritonlike  mode  for  0/kn  >  n..  Although  the  occur¬ 
rence  of  multivalued  propagation  constant  is  reminis¬ 
cent  of  a  possible  bistable  behavior,  there  are  some 
doubts' ;  whether  the  various  branches  shown  in  Fig.  1 
are  stable.  Stability  analysis  of  the  branch  where  dPJ 
d3>  0  indicates  that  the  corresponding  field  configu¬ 
ration  is  stable  whereas  the  region  with  dPJdd  <  0  is 
likely  to  be  unstable.1 1  Although  the  threshold  power 
required  to  obtain  multiple-valued  0  increases  linearly 
with  the  thickness,  the  threshold  occurs  at  a  relatively 
constant  value  of  the  field  amplitude  at  the  cover-film 
interface.  This  is  consistent  with  the  requirement 
(and  our  observation)  that  the  peak  of  the  field  shift  to 
the  cover  layer  when  the  cover  index  at  the  interface  be 
slightly  larger  than  the  film-index.  The  field  profiles 
corresponding  to  the  three  power  levels  indicated  in 
Fig.  1  are  shown  in  Fig.  2.  At  sufficiently  large  powers, 
most  of  the  power  flows  in  the  cover.  In  the  steady- 
state  case  analyzed  here,  the  peak  of  the  field  stays 
very  close  to  the  surface  at  all  the  power  levels  studied. 

To  compare  our  results  for  the  minimum  threshold 
power,  we  have  calculated  its  value  as  a  function  of  A  in 
the  same  conditions  as  in  Ref.  6.  Namely,  for  each  A, 
the  thickness  d  was  gradually  increased  until  a  maxi¬ 
mum  in  the  P,.  vs  3/kn  curve  first  appeared.  The  two 
curves  in  Fig.  3  represented  by  solid  lines  A  and  B  show 
the  behavior  for  n(,  =  1.55  and  3.0,  respectively.  As  can 
be  seen  the  minimum  threshold  power  is  lower  com¬ 
pared  to  the  homogeneous  film,1’  does  not  depend  sig¬ 
nificantly  on  the  index  of  the  surrounding  medium, 
and  can  be  obtained  for  any  given  value  of  nr  and  d  by 
interpolating  linearly  between  the  curves.  Moreover, 
in  each  case  the  minimum  threshold  power  occurs  at  T 
=  0  and  at  a  thickness  for  which  the  normalized  fre¬ 
quency  V  =  4.4  ±  0.4.  This  happens  at  a  (surprisingly) 
constant  value  of  the  normalized  propagation  constant 


f  r F  -  nr.T 

1  b  = - ; - -  ■  «  (Mill  ±  0.007. 

I  n~  —  n; 


This  fact  can  be  used  to  readily  obtain  an  estimate 
within  ±10rc  of  the  minimum  thickness  and  the  corre¬ 
sponding  threshold  power  required  for  the  given  wave¬ 
guide  parameters  and  wavelength.  These  estimates 
are  not  likely  to  differ  substantially  for  the  Gaussian  or 
ERCF  profiles.  Furthermore,  the  asymmetric  graded 
profiles  (n,  >  n*.)  will  have  even  smaller  threshold 
powers  as  the  peak  of  the  modal  field  is  closer  to  the 
surface  at  a  given  power  level.  For  example,  in  the 
experiment  of  Ref.  10,  (n,  —  rih)  4  10" 1  and  n>c  =  3  X 
10~'cm-/MW.  Figure  3  predicts  a  threshold  of  2  MW/ 
mm.  Assuming  a  typical  beam  size  of  1  -mm  diameter 
for  the  unfocused  YAG  laser,  the  measured  value  of  2 
MW/mm-  is  in  reasonable  agreement  with  our  predic¬ 
tion. 
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Fig.  4.  Variation  ol'TEj  guided  wave  power  with  effective  index  for 
d  -  1.5  jun  (dashed  curve  land  d  -  3.0  um  (solid  curve).  Points  A,B. 
and  C  correspond  to  the  power  levels  for  the  field  profile  of  the  TEj 
mode  shown  in  Fig.  5. 


B.  TEt  mode 

Figure  4  shows  a  variation  of  the  effective  index  (3/ 
kn)  of  the  TEi  mode  mode  with  the  guided  mode  power 
Pt„  It  is  found  that  the  peak  in  the  Pc  vs  0/k„  curve  for 
this  mode  can  be  obtained  at  any  thickness  greater 
than  the  minimum  thickness  required  for  guiding  this 
mode.  One  significant  result  of  the  film  index  grading 
is  that  the  threshold  power  for  obtaining  this  peak  in 
the  case  of  the  TEi  mode  is  reduced  by  almost  a  factor 
of  2  from  the  corresponding  value  for  homogeneous 
film.1'  This  conclusion  was  arrived  at  by  comparing 
the  two  values  for  a  waveguide  thickness  anywhere 
between  25  and  100%  larger  than  the  cutoff  thickness 
at  ^  =  0.515  n m  for  the  TE|  mode. 

Figure  5  shows  the  field  profile  at  the  guided  power 
levels  corresponding  to  points  A,  B,  and  C  in  Fig.  4.  A 
comparison  with  the  TE(>  mode  shows  that  the  field 
peaks  in  the  cover  farther  away  from  the  surface  in  the 
case  of  the  TEi  mode.  However,  a  substantial  part  of 
the  power  always  stays  inside  the  film. 

In  conclusion:  we  have  analyzed  the  intensity-de¬ 
pendent  modes  in  a  graded-index  planar  waveguide 
with  a  self-focusing  nonlinear  cover  medium.  The 
results  show  that  the  threshold  power  requirements 
are  considerably  relaxed  by  grading,  and  the  predicted 
values  agree  well  with  the  experimental  results  report¬ 
ed.  Empirical  relations  are  presented  from  which 
threshold  power  and  minimum  film  thickness  required 
for  the  multivalued  behavior  in  the  propagation  con¬ 
stant  of  the  lowest  order  mode  can  be  calculated  for  a 
given  waveguide  within  10%  error. 
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Fig.  5.  Field  profiles  of  the  TE|  mode  for  three  different  power 
levels  marked  by  points  A.  B ,  and  ('  in  Fig.  4  for  d  =  1.5  ^m. 
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Abstract 

Nonlinear  prism  coupling,  power  limiting  and  node  field  variations  were 
observed  at  record  low  powers  in  planar  ion-exchanged  semiconductor-doped 
waveguides.  For  the  first  time,  power  limiting  in  channels  was  also 
observed.  Thermal  origin  of  the  effects  is  corroborated. 
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Introduct ion  Glasses  doped  with  Cd  S^_x  Sex  semiconductors  form  an  important 
class  of  nonlinear  materials  in  that  they  exhibit  large  third  order 
nonlinearity  with  fast  relaxation  times,  making  them  attractive  for  signal 
processing  applications^.  Nonlinear  prism  coupling  in  a  sputtered  glass 
waveguide  in  color  glass  substrates  with  a  cw  threshold  of  the  order  of  200mW 
has  been  reported*".  K+-Na+  ion-exchanged  waveguides  in  sodium  rich  Cd  Sj_xSex 
doped  glass  have  been  fabricated^,  and  thermal  nonlinear  prism  coupling  under 
pulsed  regime  has  been  reported  in  ion-exchanged  as  well  as  sputtered  glass 
waveguides  l 4 , 5 ] . 


We  report  results  of  nonlinear  prism  coupling,  power  limiting,  and  for 
the  first  time,  observation  of  the  mode  field  variation  in  ion-exchanged 
waveguides  in  a  Cd  S^_xSex  doped  glass.  In  the  prism  coupler,  the  threshold 
power  for  the  onset  of  nonlinearity  is  ~  20mW  and  limiting  occurs  at  60mW 
input  power.  This  is  the  lowest  value  reported  thus  far.  We  present  for  the 
first  time  power  limiting  in  butt-coupled  channel  waveguides  and  convincing 
evidence  that  the  effect  is  dominated  by  thermal  contribution. 


Experlaent  K+-Naf  ion-exchange  was  carried  out  at  345''C  by  immersing  clean 
glass  substrates  in  molten  KNO3  bath  for  40  min.  The  low-power  effective 
index  of  the  TEq  and  TMq  inodes  at  515am  was  measured  to  be  1.5273  and  1.5292 
respectively.  The  material  absorption  coefficient  at  the  operating  wavelength 
of  the  515nm  Ar+  laser  line  was  6cm  Figure  1  shows  the  experimental  set 

up.  The  beam  was  focused  by  a  450  ram  focal  length  lens  into  a  —100  um 
diameter  spot  at  the  prism  base.  Low-power  coupling  efficiency  was  ~  30’,. 
The  output  end  of  the  guide  was  polished  to  allow  measurement  of  the  mode 
field  at  various  input  power  levels. 


Results  Fig.  2  shows  the  variation  of  the  output  power  from  the  prism  coupled 
waveguide  as  the  input  power  is  increased  while  the  low-power  coupling 
condition  is  maintained.  The  extrapolated  straight  lines  correspond  to  the 
coupling  efficiency  in  the  low-power  regime.  Open  circles  represent  the 
output  measured  within  a  second  after  the  input  is  incident  on  the  prism. 
Closed  circles  and  crosses  represent  the  steady-state  output  power  obtained 
after  a  few  seconds.  The  significant  features  of  our  results  can  be 
summarized  as  follows:  (a)  The  nonlinear  threshold  power  for  the  TE0 
mode  (~  20mW)  is  an  order  of  magnitude  lower  than  previously  reported^;  (b)  We 
observe  a  saturation  (limiting)  in  the  output  power  beginning  at  input  power 
level  of  ~  60mW  and  a  subsequent  decrease  at  higher  input  power;  (c)  There  is 
significant  dependence  of  the  nonlinear  behavior  on  the  distance  of 
propagation  d  between  the  coupling  region  and  waveguide  exit  end  face;  (d)  We 
observe  a  relaxation  effect  caused  by  heating  due  to  absorption  similar  to  the 


one  observed  in  Che  case  of  liquid  crystal*’.  When  the  low  power  synchronism 
is  maintained  and  the  input  power  is  suddenly  increased,  the  output  decreases 
from  an  initial  value  (open  circles  in  Fig.  1)  which  is  smaller  than  that 

expected  from  the  extrapolation  of  the  linear  behavior,  to  a  steady  state 
value  (lower  curves).  Once  the  steady-state  was  reached  (lower  curves)  and 

the  prism-waveguide  assembly  was  then  rotated  or  translated  to  optimize  the 

output,  no  significant  increase  was  observed  unlike  the  case  of  Refs.  2  and  6 
where  an  increase  was  reported.  The  thermal  effect  also  explains  the 
observations  cited  above  in  item  (c).  As  the  distance  d  increases,  more 

absorption  occurs  which  causes  a  larger  thermal  effect  and  hence  larger 
temperature  rise.  This  in  turn  shifts  the  absorption  edge  to  higher 

wavelengths  resulting  in  further  increase  in  absorption  until  thermal 
equilibrium  is  reached.  This  nonlinear  absorption  is  therefore  of  opposite 
sign  compared  to  the  relatively  fast  effect  arising  from  the  band  filling  in 
which  the  absorption  decreases  with  increasing  input  power.  At  low  input 
powers  (linear  regime),  the  shape  of  the  coupling  curve  (measured  by  angular 
scanning  of  the  prism-waveguide  assembly)  is  identical  for  scans  in  both  the 
directions.  However,  as  the  power  is  Increased  the  two  curves  are  unidentical 
if  sufficient  time  is  not  allowed  for  the  waveguide  to  cool  down  to  the 
ambient.  Moreover,  the  maximum  change  in  the  coupling  angle  (corresponding  to 
the  peak  output  signal)  is  less  that  1  ra  rad  as  the  input  power  Pj^n  is 

increased  from  5  mW  to  1  W  for  d  -  10  mm  case  and  immeasurable  for  d  =  2mm, 

Indicating  p  very  small  decrease  in  the  mode  effective  index 

(  An^  ~  3x10  *  for  >  30mW).  Similar  changes  were  reported  in  Ref.  2  from 

whicfi  the  sign  and  magnitude  of  no  were  derived.  In  our  case,  the  film  has 
graded-index  and  both  the  film  and"  the  substrate  are  nonlinear  and  a  solution 
of  the  wave  equation  is  very  difficult.  In  fact,  it  is  the  temperature 
profile  of  the  absorbed  energy  as  well  as  the  local  intensity  profile  which 
will  determine  the  steady  state  index  distribution  of  the  waveguide. 
Moreover,  this  distribution  is  likely  to  vary  along  the  direction  of 

propagation  as  the  propagating  power  is  reduced  by  absorption,  reducing  the 
local  heating  of  the  waveguide.  However,  the  small  decrease  in  the  measured 
mode  index  with  increasing  input  power  indicates  that  the  nonlinearity  is 
self-defocussing.  If  we  take  30  raW  as  the  Input  power  for  the  nonlinear 
threshold  behavior  (Fig.  2),  then  under  the  linear  regime,  the  coupled  power 
Pc=10  mW  and  n2  ~  An  A/P  *  In  our  case,  cross  section  area  A  -  100  urn  x  2um, 

yielding  - 6  x  lB  m  /W  which  is  an  order  of  magnitude  smaller  than  that 

reported  in  Ref.  2.  Our  measurements  of  the  temperature  dependence  of  the 

substrate  glass  index  show  a  qualitative  agreement  with  these  results. 

While  we  did  not  observe  many  of  the  effects  predicted  theoretically  for 
the  nonlinear  prism  coupler^,  the  hysteresis  observed  is  similar  to  that 
reported  in  other  exper iments4'  ’ 7  and  is  caused  by  the  thermal  effect  Another 
consequence  of  the  heating  is  a  shift  in  the  intensity  pattern  of  the  output 
power  as  obtained  by  imaging  the  near  field  of  the  output  using  a  microscope 
objective  and  scanning  the  distribution  by  a  detector  with  a  pin-hole.  While 
the  shape  of  the  field  profile  does  not  change  at  high  power,  the  peak 
position  shifts  to  the  substrate  side  by  approximately  half  the  width  of  the 
mode.  The  shift  decreases  as  d  decreases.  No  such  shifts  or  output 

4. 

nonlinearity  were  observed  when  the  experiment  was  repeated  with  soda-lime  K  - 
Na+  exchanged  waveguides.  While  the  direction  of  the  peak  shift  is  consistent 
with  the  decrease  in  the  waveguide  index  due  to  the  nonlinearity,  the 
invariance  of  the  shape  of  the  field  distribution  indicates  that  the  shape  of 
index  profile  remains  relatively  unaffected  by  the  waveguide  heating. 
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Power  was  also  coupled  to  channel  waveguides  fabricated  in  the  glass. 
Fiber-waveguide  butt  coupling  was  used  and  the  waveguide  output  was  measured 
as  a  function  of  input  power.  A  nonlinearity  was  observed  starting  ~15  mW  of 
input  power  and  power  limiting  occurs  >  40  mW  corresponding  to  a  coupled 
input  intensity  of  ~200  KW/cm^,  well  above  the  expected  saturation  intensity 
for  the  fast  Kerr  type  electronic  contribution  to  tne  nonlinearity  in  these 
glasses.  More  results  on  the  channel  waveguides  including  the  damage 
threshold  and  nonlinear  directional  coupler  studies  will  be  presented  at  the 
meeting. 
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Schematics  of  characterization  set  up.  NTDF  is  neutral 
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